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1.0 INTRODUCTION AND SUMMARY

The purpose of this document is to describe the booster program 118. 0 and provide a
guide for an engineer to use in running the program.

Program 118. 0 was initially written for simulation of various vehicles from launch at
the earth's surface into various orbits. It is a complex but flexible program and is
adaptable for simulating space boost missions. Seven specific missions that have been
generated on this program are provided as examples in Section 5, the User's Guide.

Program 118. 0 is used as a tool to shape the booster nominal trajectories. This can
be done in various ways within the program, depending on the familiarity with the pro-
gram and ingenuity of the user. Program 117. 0 can also perform the same function as
program 118. 0 although less efficiently, since program 117.0 is essentially a combina-
tion of program 118. 0 and an error analysis program. The same input will work in
either program for hooster simulation.

After a trajectory is shaped in the hooster program the data is changed only to obtain
print of the nominal trajectory and the state transition matrix on tape for performance
assessment studies. The nominal may be run on either program 117.0 or 118. 0

Much of this discussion is constructed about the basic framework of flow charts and
equations. These diagrams serve to indicate logical flow connecting different functional
blocks. The flow charts are arranged according to a hierarchical structure. The
highest level, Level I, depicts the overall structure of the program. The blocks in
Level T are each further described by the next level flow chart, Level II. This break-
down continues on to the lowest level where no further logic remains to be described
and the basic equations are presented.

Scction 2. 0 presents the mathematical model for the programmed equations.

Section 3. 0 presents the organization of the program with definitions of flow chart
symbols, mathematical symbols, and coordinate systems.

Section 4. 0 presents the computer program description of the input, output, initialization
and computation blocks. .

Section 5. 0 presents the user's guide to the program with detailed explanation of input
quantities and specific examples.
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2.0 MATHEMATICAL MODEL
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2.1 COORDINATE SYSTEMS

Most coordinate systems are right-handed cartesian coordinate systems with the right-
hand convention for positive rotations. Exceptions will be noted.

2.1.1  Inertial Coordinate Systems

2.1.1.1 PCI Coordinates (X,Y, Z). The reference coordinate system is a planet-
centered, inertial (PCI), cartesian coordinate system (X,Y, Z), oriented with the X~-Y
plane coincident with the planets equatorial plane, the Z-axis along the planet's posi-
tive axis of rotation. A reference launch point is automatically defined in the X-Z
plane by inputs of launch point geographic coordinates. All forces, acceleration,
velocities, positions, and reference trajectory planes are ultimately defined as vector
componenents in this coordinate system.

2.1.1.2  Launch Level Coordinates (Pyo.Yags_Rgo)- The initial orientation of the
reference body axes is defined by the inertial cartesian coordinate system (P1g, YA0,

Rgo). The orientation of this coordinate system, with respect to the PCI system, is
defined by input of the geographic coordinates of the launch point and the figure of the
reference planet. The Rqg axis is directed outward from the reference planet, along
the direction of launch local vertical, the Pyo-YAo plane is parallel to the local level
plane at the launch site. -Ypq is oriented in the direction defined by the input azimuth,
Yp, measured positively in an eastward direction from true North. This inertial coor-
dinate system is used as a reference for the gimbal angles o, @y, and aq which
describe the time-varying orientation of the missile body fixed axes (PI, Y A’ R 0).

2,1.1.3 Velocity Profile Steering Coordinates (P, Q,R). The desired velocity pro-
file of velocity profile guidance is defined in the (P, Q, R) inertial coordinate system.
The (P, Q, R) coordinate system is geometrically related to the (P19, YAq, Rog) coor-
dinate system by a positive rotation, 8¢¢, about the Pyg axis. ecc is normally selected
to align the R axis along an average thrust direction.

2,1.2 Noninertial Coordinate System

2.1.2.1 Geographic Coordinates. A reference launch point is defined by the input
coordinates of geodetic or geographic latitude (1), the geographic longitude, (A1),
the equatorial radius, (ae), and ellipticity of the reference spheroid, (¢), geoidal alti-
tude (Hy), and launch point geoidal separation, (N L)- The local vertical at the launch
site and the launch level plane are defined by additional inputs of the astronomic lati-
tude and longitude (}‘LA’ F1A) which account for local deflections of the vertical.

The sign convention for latitude and longitude is that North latitudes and East longitudes
are positive. The geographic coordinate system is clearly not a cartesian coordinate
system, but rather one that conforms to conventional planet-fixed geographic coordin-
ates currently employed in Earth-mapping procedures.

2-2




AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %é

2.1.2,2 (P1, YA, Ro) Coordinates. The time-varying missile body attitude is
defined by a reference missile body-fixed coordinate system (P1, YA, Rg), and is
employed to conveniently resolve missile aerodynamic and thrust forces. The initial
orientation is coincident with the (Pyo» Yaq, Rgg) coordinate system, and its orienta-
tion at other times is specified by the time history of the missile body angular rates

“pr “ya’ “ro’

2.1.2.3  Gimbal Angle Coordinates (@1, as, @3). An alternate representation of the
missile time-varying body axis orientation in inertial space is given by the three Euler
angles, a1, ap and ag which are gimbal angles in a roll, yaw, and pitch order. These
Euler angles are initially referenced to the (P19, YAq, Rgg) coordinate system and are

calculated by a trigonometric resolution of angles between the unit coordinate vectors
of the (PI, Y., R 0) and (PIO’ Y A0’ ROO) coordinate systems.

2.1.2.4 Trajectory Plane Coordinates (ﬁr, -ﬁv, ﬁw). An instantaneous trajectory
plane coordinate system is defined by an input unit vector awj. which is normal to a
desired trajectory plane, oriented so that Uy, the unit instantaneous position vector,
and ﬁv = Uy X ﬁr form the right-handed triad @r, ﬁv, ffwj). The required velocity,
(VREQ), 18 Aefined in this coordinate system for both modes of explicit guidance and
for trim steering guidance. The index j refers to a particular guidance mode.

2.1.2.5 Planet-fixed Cylindrical Coordinates (r, 6, z). The program has the
option of inputting aim point coordinates in either the reference PCI coordinate system
or in planet-fixed cylindrical coordinates (r, 8, z). The z-axis is parallel to the Z-
axis of the PCI system, r is normal to Z and 6 is the angle measured in a positive
sense about z from the meridian plane containing the missile at t = 0. Components of
the aim point in this coordinate system at t = 0 are j-dependent and are designated by

2.2 ENVIRONMENTAL MODEILS
2.2.1 Figure of Planets

A reference surface, corresponding to the physical surface of the planet, is defined as
an oblate spheroid by inputs of equatorial radius, ellipticity and stellar angular rate.
The figure is oriented with the Z-axis of the PCI coordinate along the reference axis

of rotation.

2.2.2 Gravitational Potential

The gravitational potential of the reference planet is defined by a series representation
in Legendre polynomials including the zero, second, third, and fourth harmonics.

The gradient of this potential function defines the gravitational forces in the PCI coor-
dinate system. Input parameters are GM, the universal gravitational constant times
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the mass of the planet; the second, third, and fourth harmonics in the conventional J,
H, and D form; and the position vector PCI components.

2.2.3 Planetary Atmosphere

The atmosphere of a planet is assumed to be affixed to the planet, rotating with the
planet's inertial angular rate. The atmosphere is defined to exist between the planet's
surface and an input altitude above which atmospheric properties are considered to
have insignificant affects upon the missile trajectory. The atmospheric models a
properties thereof are discussed in greater detail in the following paragraphs,

2.2.3.1 . Earth Atmosphere. The mathematical model defining the earth's atmos-
pheric properties such as pressure, density, and speed of sound is based on the funda-
mental data and computational procedures used to generate "U.S. Standard
Atmosphere 1962"(1). Briefly, the atmosphere is assumed to be in hydrostatic equilib-
rium with respect to the Earth. A geopotential function due to mass attraction, includ-

ing the second harmonic, and centrificial forces is calculated. This potential function,
divided by the reference sea-level value of gravity, defines a "geopotential altitude."

The variation of molecular-scale temperature with geopotential altitude is the funda-
mental defining property of the atmosphere, and all other properties are derived
from this data. The data, as employed by COSEA in generating the "U.S. Standard
Atmosphere 1962," defined the molecular-scale temperature as a series of connected
line segments, linear in geopotential altitude up to 90 km and linear in geometric alti-
tude above 90 km. The AC Electronics molecular-scale temperature model employs
segments linear in geopotential altitude for all altitudes. The geopotential altitude
range encompassed by the input data is -5 km to 630 km (-5 km to 700 km geometric
altitude). The speed of sound has been held constant at geopotential altitudes greater
than 88. 743 km for purposes of mathematical continuity, although it is not a well-
defined physical property of the atmosphere at higher altitudes.

2.2.3.2 Atmosphere Model of Planets other than Earth. Simple exponential models
for atmospheric pressure and density are employed when near a planet other than
Earth for powered flight trajectories. The speed of sound is defined as a constant.

2.3 MISSILE DYNAMICS
2.3.1 Propulsion Model
The total thrust force acting on the missile is calculated as the product of the specific

impulse, (Isp), the mass rate, (M), and the sea-level value of gravity (g'o). g'olsp is
a phase-dependent tabulated function of atmospheric pressure. M is a phase-dependent

(1)

See reference in Section 6.
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tabulated function of the expended mass in each phase. A very arbitrary time-varying
thrust function can be simulated with this model. One of the principal requirements of
boost guidance is to compensate for propulsion variations, therefore, provision for
perturbing either g'olgp or M or both is included. Thus, total impulse and/or time
duration of the impulse can be perturbed. For powered flight out of the atmosphere,
the thrust force is directed along the missile roll axis, RO.
During flight in the atmoshpere, a thrust force normal to the missile roll axis, (FMN),
is defined to be that which exactly nulls the moment due to the normal aerodynamic
force. The remaining component of thrust force, (FMA), is defined to be directed
along the missile roll axis, RO'

2.3.2 Aerodynamic Model

Aerodynamic forces on the missile are calculated in the body-fixed coordinates

(P1, YA, Rg) and utilize standard approximations appropriate to slender cylindrical
bodies and small angles of attack. The axial drag force, (Fpp), is defined as the
product of dynamic pressure, (q), the reference area, (S), and the drag coefficient,
(Cp), a tabulated function of mach number. This drag force is directed along the

negative Ro axis.

The aerodynamic force normal to the roll axis, (FpN)» 18 in the plane defined by the
missile roll axis, (Rg), and the missile velocity vector with respect to the planet's

air mass. The normal force magnitude is defined by the product of the dynamic pres-
sure, (q), reference area, ), the normal drag coefficient, (CyN), which is a tabulated
function of mach and angle of attack, and the angle of attack, (a) which is approximated
by sin a in the simulation program. This normal aerodynamic force acts at a point
along the missile longitudinal axis, termed the center of pressure, (Cp), which is
defined by a tabular function of mach and angle of attack.

2.3.3 Equations of Motion

The inertial velocity and position of the center of mass of the missile in the PCI
coordinate system are obtained by integrating the inertial accelerations defined by
the sum of gravity and the specific force-to-mass ratio.

T . Fya*Funt Fpat Fpyd
Xng-’- )

M

The initial conditions fto and ')fo are computed by the initialization block for planet
surface conditions, or are directly input in PCI components for initialization for
other start conditions.
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The time-varying missile mass, per phase, is expressed as
t .
M) = Mo + j;o M (M0 - M(7))dr

where Mo. t , and M (Mo - M(1)), a tabulated function of the expended mass, are
phase-depengent values.

The orientation of the vehicle reference body axes is specified by three mutually
orthogonal unit vectors in the PCI coordinates along the (P;, YA, Rg) coordinate axes;
namely, Py, YA,' R, The vehicle angular rates in the Pj, YA, Rg coordinate system,
denoted by wpy, WyA, and WRO» respectively, are employed to calculate TA_and Ko.
These six first-order differential equations are integrated to define 'Y_A and Ro, '131 is
defined by a vector crossproduct
Y, =wp Rp - g Py

Ry =Wy, Py=wp Yy
P =Y, xR
I AX%0

2.4 AUTOPILOT MODEL

The definition of body angular rates as a function of a guidance error signal is
accomplished with a "perfect” autopilot model in which the angular rates about the

®., Ya, RQ) coordinate axes are defined to be directly proportional to appropriately
resolved guidance error signals. The guidance calculations of this simulation define
gimbal angle commands. These gimbal angle commands are differenced with the com-
puter gimbal angles to define a gimbal angle error which is resolved through the
gimbal angle coordinate system to obtain an error signal in body axis coordinates.
This error signal is limited in magnitude and the body angular rates are defined to

be directly proportional to it, e.g., Wpr = KB'E c etc.

2.5 GUIDANCE SCHEMES
2.5.1 General Guidance and Steering Concepts

Each guidance scheme defines a particular trajectory objective, a mathematical state-
ment of the objective, and a measure of the missiles error in attaining that objective.
If, in the mathematical statement of the objective, the criteria is defined in terms of
quantities measured by the missile guidance system, a closed-loop guidance system is
said to exist. If the criteria is defined otherwise, it is referenced to as an open-loop
guidance scheme; e. g., attitude vs time program. In most closed-loop guidance sys-
tems the guidance objective is stated in terms of a vector required velocity. A control

2-6
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is effected by "cross-product® steering so as to steer to reduce to zero the angular
misalignment of missile# actual velocity with respect to the required velocity and thus
the achievement of the guidance requirement is reduced to determining the velocity
magnitude error, as the angular errors are theoretically eliminated by the steering
function.

2.5.2 B* Guidance

The B* guidance scheme is an open-loop trajectory design guidance scheme used to
generate data required for the definition of one of the closed-loop guidance schemes,
especially for that portion of the trajectory which is in the sensible atmosphere.

The objective of the §* steering scheme is to obtain a constant qa during the initial
portion of the atmospheric flight, followed by a zero angle of attack during the latter
portion of the trajectory. This is accomplished by computing a pitch gimbal angle
command of the form

Ka -1 VA'YAo Ka
ag, =Bt mtan | o]+
q A‘ 00 q

where V, is the computed inertial velocity with respect to the planet-fixed atmosphere,
Ka is the desired value of ga (usually set to zero in the latter portion of the trajectory).

A vertical rise phase preceeds this form of guidance so that v A and q are physically
(and numerically) well defined, nonzero values.

2.5.3 Velocity Profile Guidance

The velocity profile guidance scheme is a closed-loop guidance scheme. Its objective
is to control the angle of attack of the missile while in the significant atmosphere by
steering the missile along a nominal pitch plane velocity profile of accelerometer
measured velocities. Data required to define this profile is obtained from a g* guided
reference trajectory. The pitch plane profile is defined in the (P, Q, R) coordinate
system; the Q-R plane being the pitch plane. The nominal value of the "normal" vel-
ocity, Q is curve fit by a cubic polynomial in the nominal "tangential™ velocity, R ar
The nommal value of the pitch gimbal command, ag,, is also curve fit by a cubic poly-
nomial in Ra. The closed-loop pitch gimbal angle command is then defined to be of the
form

3
- 3 - )
@30 = %30 ominal) ¥ K [ jfl KR ]
where
3 .
a3c(nomina1) = jzl Ci Ra

2~7
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and Rg, éa are the measured values of the thrust velocity components. The thrust
velocity component normal to the pitch plane is nulled. Velocity profile steering is
initiated following a vertical rise phase. The thrust velocities, viz., the integrated
accelerometer outputs, are utilized for steering to permit the steering loop to operate
independently of the navigation equations during that portion of the trajectory in the
effective atmosphere where this mode of guidance is generally employed.

2.5.4 Explicit Guidance with Time of Flight Constraint

The explicit guidance scheme defined in this simulation is employed above the effective
atmosphere where no atmospheric steering constraints need be considered. The expli-
cit guidance equations define a unique ellipse between the present position of the vehicle
and a defined target point. The ellipse is unique because a time of flight between the
launch and the interception of the target point is specified. The time constraint is
introduced into the Keplarian explicit equations by the following relationship, defining
the semi-latus rectum, p, of the ellipse.

Py =Py + [Kjg + Ky pJIT, - ¢+ T))]
where Ky3, K;4 are curve fit constraints derived from a reference trajectory. Tp
is the specified time of flight, T; is the current estimate of the time of flight from
Lambert's equation, and t1 is the time since launch.

After a few iterations the orbital parameters are in a reasonably close neighborhood

of the desired orbital parameters and p; is estimated by a nonlinear logic which selects
the value determined by either a linear extrapolation, the previous value, or redeter-
mjned by the above relationship. This logic is based upon the preceding changes in

(p,) and in @+ T ).

For each major guidance cycle the position of the missile is determined and a velocity,
VREQ: 18 determined as the instantaneous elliptical velocity which satisfies the fixed
total time of flight constraint

- _ esinv — Afj—‘
VREQ—K[( NE) YU+ 3 Uv:1

where K is gravitational constant (GM); e, the eccentricity; v, the true anomaly of
vehicle; r, the radial position; Ur and Uv are orbit plane unit vectors.

The velocity to be gained is defined as

Vg '—'—VREQ -V

2-8




[F i+F '—k-] main engine normal

myx Pt Fvny Tt Funz
thrust vector.

sea level value of gravitational acceleration

sea level value of earth's gravitational acceleration

components of gravity measured in a planet centered
coordinate system

universal gravitational constant times mass of planet

universal gravitational constant times mass of earth
Teo 1 b ;

[gX i gy + g, k] gravity vector

height of the sensible atmosphere

altitude above sea level at present position

coefficient of the third harmonic of the earth's
gravitational potential

geopotential altitude

geopotential altitude at the bottom of the nth molecular
temperature segment

height of launchsite above sea level

subscript denoting present value
subscript denoting past value
unit vectors along the X, Y, Z PCI axes

specific impulse

subscript denoting "Jacker" trigger used to determine
guidance logic
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13

14
50° K51

52

Kgg - Kgq
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coefficient of the second harmonic of the earth's
gravitational potential

subscript used to denote the different phases in HS1 and
HS2

slope of the nth segment of the molecular weight vs.
geopotential altitude approximation

steering gains used in v steering to compute commanded
gimbal angles (j depen&ent)

steering gains used in v, steering to compute commanded
gimbal angles (j dependent)

the universal gravitational constant, ~GM
(j dependent)

steering gains used during trim guidance
(j dependent)

steering gain used during trim guidance
(j dependent)

1/K (j dependent)

thrust coefficient

Vg coefficient

semilatus rectum correction coefficient
(j dependent)

semilatus rectum correction coefficient
(j dependent)

I;, Q, R steering gains for %

f’, Q, R steering gains for @,

curve fit constants for 15, Q, R steering

constant for criteria used in pitch over with 8* guidance
between Tl and T3
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AIM

location of the center of mass

(n=0,1,2,3,4) coefficients of the zonal harmonics of
the gravitational potential function

location of the center of pressure
axial drag coefficient

normal drag coefficient

speed of sound constant

normalized cylindrical offset coordinates of the aiming
point used where aiming point is rotating with the
planet. (BLK HA4B) (j dependent)

coefficient of second harmonic of earth's gravitational
potential

distance between the center of gravity and the center
of pressure

coefficient of the fourth harmonic of the earth's
gravitational potential

eccentricity of free flight ellipse
eccentric anomaly at the vehicle's present position

eccentric anomaly at aiming point
location of the engine gimbal

trigger for determining aiming point computation,
HA4A or HA4B. (j dependent)
(FAIMJ. = 0 — HA4A, FAIMj

= 1 — HA4B)



CON
FDA
FDAX’ FDAY’ FDAZ
FDN
F F F

FMAX’ FMAY’ FMAZ

F F

MNX’

DA

|

DN

o |
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MNY’ FMNZ

trigger for trajectory constraint at the target of
constant time of arrival, HA6A or constant flight path
angle, HA6B. (j dependent)

= b I‘IA = —_
(F CONj 0 6A, FCONj 1 HA6B)

magnitude of the axial drag force
components of the axial drag force vector
magnitude of the normal drag force
components of the normal drag force vector

projection of FDN on pitch axis

projection of FDN on yaw axis

components of the main engine axial thrust vector,

FMA

components of the main engine normal thrust vector,

FMN

thrust force on the vehicle

trigger for determining whether cutoff of phase based
on velocity to be gained is to be used. (j dependent)

(FTRIMj = (0 cutoff on Vg’ FTRIMj

i +
[Fpax 1+ Fpayd * Fpaz

[F NX_l + F ; +F E} , normal drag force

DNY DNZ
vector.

[FMAX i+ FMAY j+F k] main engine axial
thrust vector

MAZ

E] , axial drag force vector

= 1 no cutoff on Vg)
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C

>—>

Connector used on Level 1I
flow charts to indicate entry
source or exit destination.

Connector used on Level II and
below charts.

Summary of all quantities
required in computations of flow
chart on which this symbol ap-
pears or, alternatively, summary
of all quantities computed in this
flow chart which are required in
other operations.

3=3



3.3 DEFINITION OF MATHEMATICAL SYMBOLS

a
e

a|

dr

A% 2y’ 2z

® |

RC’ BRC’ RC

RD’ BRD’ RD

ARV’ BRV’ CRV

Ae,B,C

1
Ca1

H
Caz

1
Ca3

1
Ca4

C!
ab

3-4

equatorial radius of the planet

equatorial radius of the reference geoid

thrust acceleration

components of thrust and drag acceleration measured
in a planet centered coordinate system

[ax—i + aYE +ag iE] , acceleration vector of thrust
and drag measured in a planet centered coordinate

system

curve fit constants for radial distance as a function
of time used in trim guidance. (j dependent)

curve fit constants for radial rate as a function of
time used in trim guidance. (j dependent)

curve fit constants for tangential velocity as a function
of time used in trim guidance. (j dependent)

curve fit constants for reducing steering errors
(j dependent)

cosine of the angle between the present vehicle position
and the aiming point measured at the center of the
planet

speed of sound

change of units coefficient
change of units coefficient
change of units coeificient
change of units coefficient

change of units coefficient
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3.0 ORGANIZATION OF THE PROGRAM
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3.1 SCHEMA FOR FLOW CHART PRESENTATION

The flow charts are arranged according to "levels". The Level I flow chart provides
the most general description since it depicts the overall program. Each functional
block is further described by lower level flow charts down to the lowest level where
sets of equations and/or logic decisions are used.

In the Level I flow charts, the titles in the blocks are intended to be suggestive of the
nature of the role to be performed within the block. Those functions that are to be
performed in the basic computational cycle are designated by Roman numerals and
those functions that play a passive role are designated by Arabic symbols.

In Level I flow charts and below, the quantities that are required for all logical and
computational operations within this block are stated in the input and output on the
chart. The input quantities are differentiated into stored or computed values. The
stored values are those initially put in by the user and the computed values are those
determined in other portions of the program. The output quantities indicated are those
generated in this block for use in other blocks or for printout.

The lowest level low charts are those that do not require further explanation or are a
set of equations with the input and output quantities specified.

3.2 DEFINITION OF FLOW CHART SYMBOILS

The following symbols represent the only ones that are used in the flow charts
presented below.

Set of equations that is to be
— — described further by additional
flow charts or by equations.

Logical decision.

Operations that are predefined.
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At each guidance index change, (j), during the explicit guidance mode, a reference set
of gimbal angles (alvg’ @3yg), corresponding to the alignment of the roll vector along
Vg are computed. A reference unit vector along Vg, ﬁv , is also computed at this
time. A cross-product steering error function is defineg
AR=V xT
= X
g vgl

and is resolved into appropriate gimbal angle components.

—-—

Aa,. = -Ky BR. Ry )- Ky ZBR . Ry ) At

]

Aa2c =0

Aa 3¢

"

- AR . P - AR . P!
K4 (AR . PI) K5 Z(AR . PI) Ati

J i

where Pi is along the current pitch axis of the missile.

The gimbal angle commands are

= + + E‘ . R
%1c Amlc C‘tlvgj ‘K ROo
QZC =0
- T .
Uge = TAAg t A T Ok - P
where eK = F(Vg) [Ur X Uvgj]

F(Vg) is a curve fit function of Vg which offsets the gimbal angle commands to compen-
sate for gravitational and centrificial acceleration. Powered flight is terminated when
Vg is zero. This is an iterated condition which is calculated to a precision specified
by an input ¢, and is not restricted to a time specified by a multiple of either major or
minor computational cycles.,

2.5.5 Explicit Guidance with Velocity Direction Constraints

This formulation of explicit guidance is perhaps the most useful form of explicit guid-
ance, as the terminal direction of the velocity vector at the target point is a very con-
venient parameter for direct-injection-into-orbit trajectories. The guidance model is
exactly the same as the explicit time of flight constraint guidance except that the semi-
latus rectum, p, is defined using the desired velocity angle, K ., and the calculated
angle, vy A V]
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1 esinVA

\[/—_———2‘]
1+2(ecosVA)+e

Pyg = Pyt [Kg+ Ky s][K'yj = 75]

YA = sin

where s is the sine of the range angle between the present position and the target point;
K13, K14 are curve fit constants, taken from a reference trajectory. A nonlinear
logic is again employed to select py41; either p;, a linear extrapolated value, or the
value defined by the equation above is chosen, depending upon the prior values p, and

e The same steering logic as described in 2. 5.4 is employed with this guidance
mode.

2.5.6 Trim Steering Guidance

Trim steering guidance is designed to guide a vehicle into a specified plane with
specifications on the following end conditions:

a. desired radial position T,
b. desired radial speed fc
c. desired "tangential® speed (rvic) where v is the time derivative of the true

anomaly.

The quantities rg, i'c' and (rv.) are curve fit second-order polynomials in time,
measured from the initiation of trim steering.

The orbit plane is specified by an input vector normal to the desired orbital plane,
ij, 3nd an__inplane unit vector is defined by the cross-product relationship
U =U xU.
v wj r
v defined
REQ is defined as
'y « == — . . —
= + -Tr+ -
VREQ foU_+ @), U, KAj [rc r KHj (r, r)] U,
The difference vREQ -V is defined as V., and the same V, cross-product steering

scheme that was employed in the explicit guidance schemes is used for this guidance
scheme.

The validity of the time polynomial expressions for rg, T, and (rve) is restricted to
a reasonably small neighborhood of the desired injection conditions, insofar as the
simultaneous realization of all three of the conditions will result in the desired orbit.

For most applications of this steering, it is inititated when the vehicle radial position
is close to the desired value, and VRE Q is essentially along Uv'

2-10




lower bound for alvg (k dependent)
upper bound for alvg (k dependent)
desired flight path angle at the aim point (j dependent)
lower bound for « Svg (k dependent)
upper bound for « Svg (k dependent)
pitch position gain

pitch rate gain

roll position gain

roll rate gain

yaw position gain

yaw rate gain

present vehicle mass

initial vehicle mass
sea level value of mean molecular weight of air

propulsion mass flow rate

perturbation in mass flow rate which is. used from
T6 or T7 to the end of the phase

perturbation in mass flow rate which is used from T8
or T9 to the end of the phase

difference between reference geoid and actual sea
level

semilatus rectum for the free flight ellipse
(i dependent)
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atmospheric pressure

atmospheric pressure

n=0,1,2, 3,4,5) legendre polynomials associated
with the gravity expansion

th
atmospheric pressure at base of n  approximation
segment

planet-centered-inertial, an acronym referring to the
X, Y, Z coordinate system which is a right-handed,
orthogonal, irrotational coordinate system with origin
at the positive Z-axis along the North polar axis,

X and Y in the equatorial plane

perturbation factor in mass flow rate
perturbation factor in ISP

components of the unit vector EI

components of the unit vector —I;I
0

perturbation factor for east wind
perturbation factor for north wind

second order legendre polynomial of gravitational
potential

components of velocity due to thrust in a computational
coordinate system which is the R  , fI , ?—A co-
ordinate system rotated about 0 0 0

the P. by Ecc

)

unit vector along the pitch axis

unit vector along the initial pitch axis,
[P.. i+P_ j+P_ K|
IXO IY 0 1Z 0




EX

TR

SL

RSLL

R R

ox’ ROY’ 0z

ROX i ROYO’ ROZ

0 0

RSTOPl

STOP4

incompressible dynamic pressure

distance from center of the planet to the present
position

distance of the point (X, Y, Z) from earth's center

desired commanded radial distance for the vehicle

radial distance from the planet center to the target
point (j dependent)

radial distance criterion for beginning of explicit guidance
(j dependent)

radial distance criterion for beginning of trim
guidance (j dependent)

radial velocity

desired commanded radial velocity for the vehicle

radial acceleration
[X—i + Y_j- + Z E] radius vector to present position

sea level value of r
sea level value of r at launch site
components of the unit vector EO

components of the unit vector EO
0

I.{a criterion for computing T, with 13, ('Q, R
guidance

f{a criterion for computing T, with IS, Q, R
guidance

3-11
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mach number

universal gas constant

target coordinates in inertial coordinates for explicit
guidance (Block HA4A) (j dependent)

<. T, —
[ROX i ROY j ROZ k] unit vector along the roll
axis

" + T
0X i+ ROY j ROZ k] unit vector along the
0 0 0
initial roll axis

R

sine of the angle between the present vehicle position
and the aiming point measured at the center of the
planet

effective drag area during boost

current value of time

time at the beginning of trim guidance

time of free flight

input constant specifying the time of arrival when
constant time of flight constraint is used
(j dependent) '

initial estimate for time of flight for use with planet
fixed target aiming point (Block HA4B) (j dependent)

end of zero attitude steering and beginning of
pitchover phase

end of pitchover and beginning of zero angle of
attack guidance

end of zero angle of attack guidance and beginning of
explicit guidance




beginning of trim guidance in phases 4 or 5
beginning of explicit guidance in phase 7
beginning of trim guidance in phase 7
beginning of explicit guidance in phase 9

beginning of trim guidance in phase 9

molecular scale temperature at the base of the nth

approximation segment

total gravitational and centrifugal potential

gravitational and centrifugal potential with respect
to the potential at surface of geoid

unit vector along radius vector at present position
unit vector perpendicular to Er in trajectory plane

unit vector perpendicular to the nominal trajectory
plane (j dependent)

unit vector pointing to the aim point (§ dependent)

unit vector criterion for beginning of explicit guidance
(} dependent)

unit vector criterion for beginning of trim guidance
(] dependent)

true anomaly of vehicle

true anomaly at aim point

rate of change of the true anomaly
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v

v

<l

X, Y, Z

X, Y

A’ A ZA

0’ 70’ 0
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REQX’ VREQY' 'REQZ

magnitude of present velocity

components of the velocity-to-be-gained vector

magnitude of present vehicle velocity with respect
to air

magnitude of the present required velocity
components of the required velocity in PCI coordinates

[XT + YE + ZT{] vector of present vehicle velocity

U a i+ \]'aY I+ faz k] vector of integrated
accelerometer output

velocity-to-be-gained vector
initial value of Vg when guidance logic (j) is changed

[)'( A—i +Y A? +7 A E] vector of present vehicle velocity
with respect to air

vector of the present required velocity
velocity of East wind (tabular value)
velocity of North wind (tabular value)

t %1
Mo/R

planet centered inertial (PCI) components of the vehicle

components of the aim point in PCI coordinates
(J dependent)

initial position components of vehicle in PCI
coordinates




planet centered inertial (PCI) components of the
vehicle velocity

components of the vehicle veloeity with respect to air

initial velocity components of vehicle in PCI
coordinates

planet centered inertial (PCI) components of vehicle
acceleration corrected for gravity

components of the unit vector Y A in PCI coordinates

components of the unit vector Y A in PCI coordinates
0

unit vector along the yaw axis

+
[YAXOi + YAYOj Y

initial yaw axis

AZOk] unit vector along the

3-15
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angle of attack

angle of attack in pitch plane

angle of attack in yaw plane

inner, middle, and outer gimbal angles
commanded inner, middle, and outer gimbal angles

inner, middle, and outer gim_llal angles to align the roll
axis of the vehicle along the Uv

inner, middle, and outer gimbal angle errors

pitch angle command for zero angle of attack trajectory
profile

angle between the radius vector, r, to the vehicle and
the vehicle velocity vector with respect to air, V A

atmospheric density decay parameter

phase dependent parameter defining the maximum
angular rate of the vehicle

angle between the radius vector r, and
the vehicle velocity vector, V

ratio of specific heat of air at constant pressure to that
at constant volume

flight path angle at aim point

effective angle thrust acts through due to normal forces
on the vehicle

minor cycle length phase dependent dynam‘cs block
integration step size

major computational cycle length, phase dependent guid-
ance block integration step size




Atgo

AP
AP!
Av

A%{’ ARY, ARZ

AR

AOllc’ AQZC’ A0!30

TR

TRA

cC

1
eEC

time to go

phase dependent print interval
tape print interval
time from beginning of trim guidance

components of AE in PCI coordinates

— -—
vector used in V_ so that changes in V_ are in magnitude
only g g

incremental gimbal angle commands to align v along
T g

VgJ
ellipticity or flattening of the reference geoid

criterion used to determine computation of pH_1 in blocks
HA6A and HA6B

criterion usedto determine computation of (e sin v} in
block HA5

criterion usedto determine computation of Uv in block
HA5

criterion for velocity to be gained cutoff

criterion usedto determine computation of p, _ in block
HAGA 1+1

criterion for reaching radial distance condition for a
critical time point

criterion for reaching a position in determination of a
critical time point

criterion used for determining computation of pi_'_1 in
block HA6B

angle between computational coordinates for f’,é, R
steering and launch level coordinates measured in the
X-Z plane

error in pitch attitude
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a vector used to align the vehicle so that the thrust
acceleration along the roll axis causes the vehicle to
accelerate along Vg

geodetic latitude of the vehicle
geodetic latitude of launch site
astronomical latitude at launch site

geocentric latitude at launch site

current geodetic or geocentric longitude of the vehicle
geodetic or geocentric longitude at launch site

astronomical longitude at launch site

“La "ML THp

= 3.1415926536

density of the atmosphere

mean sea level atmospheric density
density of the air

duration of phase 6

criterion for the determination of T6
criterion for the determination of T7
duration of phase 8

criterion for the determination of T8
criterion for the determination of T9
error in roll attitude

error in yaw attitude




o

€}

azimuth angle of the pitch plane with respect to North
angular rate of vehicle about the pitch axis

angular rate of vehicle about the roll axis

angular rate of vehicle about the yaw axis

planet angular stellar rate

rotational velocity of the earth

angular rate vector for the vehicle
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ATMOPT

BETLOG

BETSTS

BETTRG

COMPQR

EARFLG = ATMOPT

EATM

Edit

ENDSTG

HSTART

INTG

JACKER

LLLGIC

MBS
MES

NOR6PT

OUTIN

3-20

= EARFLG

guidance blocks for zero angle of attack guidance used
from To to T 4

block to compute * and gimbal angle commands

trigger specifying whether the phase is before T3 or
after T3 for BETLOG

routine to compute Pa’Qa’ Ra and Atgo

trigger specifying desired atmospheric routine
(ATMOPT = 0 - earth atmospheric routine
ATMOPT = 1 -~ planetary atmospheric routine)

earth atmojspheric routine based on "U.S. Standard
Atmosphere, 1962" as defined by NASA, USAF, and
U.S.W.B.

equations which compute paramaters used for
descriptive purposes

routine used to set up the next phase

routine used to start the program at the beginning of a
phase other than 1

integration routine which integrates the derivatives
computed in the dynam’cs blocks from t to t+1 in
steps of 5t

guidance blocks used after T4

guidance logic, phase change and commanded attitudes
are computed

mass at the beginning of phase

mass at the end of phase

option for state transition matrix generation
NOR6PT = 1. - nominal only; NOR6PT = 0 - compute STM

trigger to define whether the vehicle is in or out of the
atmosphere

(OUTIN = 0 - vehicle in atmosphere

OUTIN = 1 — vehicle out of atmosphere)
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PATM

PHASE

PRTOUT

PRTTRG

PSITH

Q-BIAS

QSANDE
SEPXXX
SETSTG
STBEGS

SIENTB

time
TES

TIMEST

t+1

WFLAG

planetary atmospheric routine

interval of the simulation during which phase dependent
parameters are constant

routine used to partially control the program and to
determine if printout is required

trigger used in PRTOUT which has the following values
0 - normal test for print and time adjustment

1 - special print point

2 - end of phase

routine to compute gimbal angle commands from
P ,Q_,R
a’ "a’"a

a time-varying integer used as a bias for t. Its purpose
is to allow t to be expressed in more significant figures
when a critical tim= point is reached.

time for next print based on AP using QBIAS for a bias
criterion for achieving end of phase

routine used to set up the phase just being entered

beginning phase number

dynamics blocks, position, velocity, and attitude are
computed

defined by: t = time + QBIAS (time < 2At)
tims at the end of a phase

time to go values based on mass cutoff, velocity-to-be-
gained cutoff, and critical time points

the sum of t+1 and QBIAS is the t at the next integration
point

trigger to denote whether winds are desired in the

computation of VA

(WFLAG = 0 - no winds desired)
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XPRTXX data print

XSTAGE phase number
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3.4 COORDINATE SYSTEMS

The basic coordinate system in program 118. 0 is the Planet Centered Inertial (PCY)
coordinate system (X, Y, Z). The X and Y axes are in the earth's equatorial plane
and Z is along the direction of the earth's positive rotation. When starting in phase 1,
the vehicle's initial position is in the X-Z plane, specified by inputs of launch altitude,
launch latitude, and planet radius. When starting in phases other than phase 1, direct
input of the PCI coordinates is employed and the vehicle is initialized at an arbitrary
point. The unit vectors i, j, and k lie along the X, Y and Z axes, respectively.

Another basic coordinate system in the program is the reference body axis coordinate
system (P1,, YA,, RQ,). This cartesian coordinate system is oriented by inputs of
latitude, A1,A, longitude @I,.D), and azimuth (zpp) as computed below and illustrated in
Figure 3.4. 1.

There is also a body axis coordinate system (P, Y,, Rqp) which rotate with the
vehicle and lie along the vehicle axes. When beginning in phase 1, the (P, YA, Rg)
coordinate system is initially aligned along the (P1,, YA, Ro,) coordinate system.
When beginning in phases 2-9, the (P, YA, RQ) coordinate system is initially aligned
with respect to the (P1, YAy, RO,) coordinate system through the set of gimbal angles
(@1, a9, ag) which may be input into the program. The relationship between the two
coordinate systems can be computed from the following equation and is illustrated in
Figure 3.4.2.

_Iil 1 0 0 cos oz2 0 -sin ozz cos al sin al 0 210
}’-A = 0 cos a3 sin oz3 0 1 0 -sin ozl cos o:l 0 iAo
RO 0 -sin a3 cos a3 sin az 0 cos az 0 0 1 ROO-

In the velocity polynomial guidance (0P0123 = 1.) there is a computational coordinate
system (P, Q, R) into which the velocity is resolved. The (P, Q, R) coordinate sys-
tem is related to the (Py, Ya,, RQ,) coordinate system a A¢c rotation about the P,
axis as presented in the following equation and illustrated in Figure 3. 4. 3.

3-23

-1

= 1 T 1 oTT .
A -
ROO 1 0 0 cos LA 0 sin ALA cos uLD smp.LD
PIO =| 0 cos zl)p - sin Z,Dp 0 1 0 sinp, o -cosp, 0
= . . X A
YAo 0 sin zpp cos wp sin LA 0 cos LA 0 0
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)

P 1 0 0 PI
. o)

Q = 0 cos ecc sin ecc YA
R 0 -sin A cos 8 R °
ce ce 00
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Figure 3.4.1. Initial Reference Body Axes
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Figure 3.4.2. Gimbal Angles
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Figure 3.4.3
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3.5 GENERALIZED BOOSTER GUIDANCE SIMULATION

3.5.1 LEVELI FLOW CHART

3-28
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4.0 COMPUTER PROGRAM DESCRIPTION

The basic structure of the program is summarized in the Level I flow chart. It consti-
tutes, according to the preceeding definitions. the Level I flow chart and consists of two
different classes of blocks. Those which define the basic computational cycles of the
program (Roman numerals), and those necessary to start the program in a prescribed
way or define the required output (Arabic letters A and B).

Blocks A and B are described in Section 4. 1; Blocks I through VII in Section 4. 2.

The Input block represents a summary of the quantities that an engineer must input.

No computations are contained within this block. The Output block defines the quantities
that are to be available for printout purposes (including storing or magnetic tape) and
contains edit computations that are not required in the basic computational cycle. The
General Initialization block contains computations that must be performed once during

a specific simulation run and/or logical decisions that must be made for proper
operation within the basic computational cycle.

The program is basically broken up into two parts: that of integrating the equations of
motion (Blocks II and III), and that of guiding the path of the vehicle (Block IV). The
other blocks are used in control and logic of the program. The major output of this
program is a time history of the vehicle motion throughout the trajectory.
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4.1 INPUT AND OUTPUT

4.1.1 Definition of Flags

4.1.1.1 Nominal Trajectory

1, ATMOPT flag for specifying desired atmospheric routine
ATMOPT =0 ~ U, S. Standard Atmosphere, 1962
ATMOPT = 1 - planetary atmosphere determined
by pgys By» C for planet

2. OPO123 flag for specifying guidance scheme through sensible
atmosphere
OPO123 = 0 -~ beta star guidance
OPO123 = 1- P, Q, R curve fit guidance

3. ST2BET flag used in H-start to set up BETTRG for phase 2
starts '
ST2BET = 0 — guidance before T3
ST2BET = 1 - guidance after Ty

4. 8T2T4T flag used in H-start to set up T4 trigger for phase 2
starts
ST2T4T =0 —~ guidance before T;
ST2T4T = 1 - guidance before T

4
5. ST3BET same as ST2BET for phase 3 starts
6. ST3T4T " same as ST2T4T for phase 3 starts
7. STINOU flag used in H-start to set up OUTIN trigger

STINOU = 0 — vehicle is in the atmosphere
STINOU = 1 -+ vehicle is out of the atmosphere

8. ST5R12 flag used in H-start to set up trigger for Tg with
phase 5 starts
STSR12 = 0 = look for Tg
ST5R12 = 1 - do not look for T5

9. STT7134 flag used in H-gtart to set up trigger for '1‘6 with
phase 7 starts
8T7134 = 0 —»look for Tg
8T7134 = 1 ~»do not look for T6
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10. ST9138 flag used in H-start to set up trigger for Tg with
phase 9 starts
ST9138 = 0 - look for T8 4
ST9138 = 1 —+do not look for T8

11, WFLAG flag used to denote whether winds are desired in the

computation of V A

WFLAG = 0 — no winds desired
WFLAG = 1 -+ winds desired

4.1.1.2 State Transition Matrix

' 1. NOR6PT flag for computing or skipping state transition matrix
NOR6PT = 0 ~ compute state transition matrix
NOR6PT = 1 - do not compute state transition matrix

2. PROPT flag for specifying the printout desired and for saving
data on tape
PROPT = 0 - print state transition matrix and nec-
essary data for all inertial guidance
system and save on tape
PROPT = 1 - print standard nominal data

. 4-3
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4.1.2 Definition of Input Quantities

4.1.2.1 Nominal Trajectory
GUIDANCE INPUTS FROM T, to T:

OP0123 Guidance option for g* or i’, Q R guidance
P, Q, R i
50. KK&:I. P, Q, R steering gains for a 1C
KK52 P Q, R steering gains for °‘3C
KK zq_KKg, curve fit constants for P Q R steermg
CCTHET (eco) angle between computational coordinates for P, Q, R

steering and launch level coordinates measured in
the X-Z plane (DMS)

RSTOP1 R_ criteria for computing T, with P, Q, R guidance

d/sec)

RSTOP4 Ra criteria for computing T 4 with P Q, R guidance
(ft/sec)

KXXKXX (Ka) » constant for criteria used in pitch over with 8*

guidance between T; and T3

BESTT1 (Tl) end of zero attitude steering and beginning of
pitchover phase (secs)

BESTT3 (T3) end of pitchover and beginning of zero angle of
attack guidance (secs)

BESTT4 (T)) end of zero angle of attack guidance and beginning
4
of explicit guidance (secs)

AIMING POINT INPUTS FOR GUIDANCE AFTER Ty:

FAIMJ trigger for determining aiming point computation,
HA4A or HA4B. (j dependent)
(FAIMJ = 0 - HA4A, FAIMj = 1 - HA4B)

HRAJVX, HRAJVY, HRAJVZ normalized cylindrical offset coordinates of the aiming
(Cl’ CZ’Ca) when FAIMJ = 1 point used where aiming point is rotating with the
planet, (BLK HA4B) (j dependent)

HRAJVX, HRAJVY, HRAJVZ target coordinates in inertial coordinates for explicit
433 ) When FAIMJ = 0 guidance (Block HA4A) (J dependent)
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HTOJ (T,)

initial estimate for time of flight for use with planet
fixed target aiming point (Block HA4B) (j dependent)
(secs)

CONSTANTS FOR V_ COMPUTATION:

g
HKJ (K)

HKRJ (K,)

HPJ (p)

HUWJVX, HUWJUY, HUWJVZ

(Uw)

HES (eg)

HEU (¢ )

the universal gravitational constant, v/ GM
(j dependent)

1/K (j dependent)

semilatus rectum for the free flight ellipse
(j dependent)

unit vector perpendicular to the nominal trajectory
plane (j dependent)

criterion used to determine computation of (e sin v)
in block HA5

criterion used to determine computation of Ev in
block HAS

CONSTANTS FOR TRAJECTORY CONSTRAINTS:

FCONJ

HK13J (K )

HK14J (K, )

HEP ((p)

HET (cT)

. trigger for trajectory constraint at the target of

constant time of arrival, HA6A or constant flight
path angle, HA6B. (j dependent)
(FCONJ = 0 ~HAGA, FCONj = 1 +HA6B)

semilatus rectum correction coefficient
(j dependent)

semilatus rectum correction coefficient (J dependent)

criterion used to determine computation of Pj4] in
blocks HA6A and HA6B

criterion used to determine compuitation of Pi+1 in
block HA6A

input constant specifying the time of arrival when
constant time of flight constraint is used (J dependent)
(secs)

4-~5
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HEGAM ((Y)

HKGJ (K,)

criterion used to determine computation of Pi41 in
block HA6B

desired flight path angle at the aim point (j dependent)
(radians)

CONSTANTS FOR CURVE FIT GUIDANCE:

HARCJ, HBRCJ, HCRCJ
Agc* Bre' Cre

HARDJ, HBRDJ, HCRDJ

“rp’ Brp' CrD

HARVJ, HBRVJ, HCRVJ

(ARV' BRV' CRV)

HKAJ(KA)

HKHJ (K )

FTRIMJ

curve fit constants for radial distance as a function of
time used in trim guidance. (j dependent)

curve fit constants for radial rate as a function of
time used in trim guidance. (j dependent)

curve fit constants for tangential velocity as a
function of time used in trim guidance (; dependent)

steering gains used during trim guidance (j dependent)
steering gain used during trim guidance (j dependent)

trigger for determining whether cutoff of phase
based on velocity to be gained is to be used.
(J dependent)

(EI‘RIM— 0 cutoff on Vg' FTRIMj‘ 1 no cutoff on VS)

CONSTANTS FOR ATTITUDE COMMANDS:

HK2J, HKH, (k,, kg)
HK4J, HKSJ, (k,, k)

HAOJ, HBOJ, HCOJ

(Ags By C9

CRITICAL TIME POINTS:
HTAUE (T)

4-6

steering gains used in V_steering to compute com-
manded gimbal angles (jg dependent)

steering gains used in V. steering to compute com-
manded gimbal angles (J dependent)

curve fit constants for reducing steering errors
(j dependent)

duration of phase 6 (secs)
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HTAUS (1)
HTAUGP (1})
HTAUT (1)
HTAUS ()

HTAUSP (1))

.

criterion for determination of T6 (secs)
criterion for the determination of T7 (secs)
duration of phase 8 (secs)

criterion for the determination of T8 (secs)

criterion for the determination of T9 (secs)

CRITERIA FOR LOGICAL DECISIONS:

HRTRJ (r,pp)

HETR (e TR)

HUTRJX, HUTRJY, HUTRJZ
T

HETRA (e TRA)

HREXJ (rp.)

HUEXJX, HUEXJY, HUEXJZ

(Upx)
HEVG (¢ )

KALl, KAL2, KAL3 (K .)
al

KAU1, KAU2, KAUS (K )

KGL1, KGL2, KGL3 (KYL)

radial distance criterion for beginning of trim
guidance (j dependent) (ft)

criterion for reaching radial distance condition for
a critical time point (secs)

unit vector criterion for beginning of trim guidance
(i dependent)

criterion for reaching a position in determination
of a critical time point (secs)

radial distance criterion for beginning of explicit
guidance (j dependent) (ft)

unit vector criterion for beginning of explicit
guidance (j dependent)

criterion for velocity to be gained cutoff (ft/sec)
lower bound for a Ivg (k dependent) (radians)

upper bound for a 1vg (k dependent) (radians)

lower bound for « Svg (k dependent) (radians)
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2
KGU1, KGU2, KGU3 (K'YU)

MDOTT6
MDOTTS8

DYNAMICS INPUT OPTIONS:

ATMOPT

WFLAG

EFLAG (P)

NFLAG (Py)

CKREV (Kpo..)

IITII

upper bound for a3vg (k dependent) (radians)

perturbation in mass flow rate which is used from
T6 or T7 to the end of the phase

perturbation in mass flow rate which is used from
T8 or T9 to the end of the phase

trigger specifying desired atmospheric routine
(ATMOPT = 0 - earth atmospheric routine
ATMOPT = 1 - planetary atmospheric routine)

trigger to denote whether winds are desired in the
computation of V A

(WFLAG = 0 - no winds desired)
perturbation factor for east wind
perturbation factor for north wind

thrust coefficient

number of the last phase to be used up to phase 9

PLANET PHYSICAL CONSTANTS:

A@,)
ELLIP (¢)
EE (GM)
OMEGA )
HC ()
LGSEP (N )

LALT ()

4-8

equatorial radius of the planet

ellipticity or flattening of the reference geoid
universal gravitational constant times mass of planet
planet angular stellar rate

height of the sensible atmosphere

difference between reference geoid and actual sea level

height of launchsite above sea level
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GS (g)

DGLAT ()
DALAT @ ,)
DGLON ()
DALON (u ,)
DPAZ (¥))

IXIXI @)
HXHXH ()
DXDXD ®)

RSUBC1 R, ,)

CSUBI

BETAI (8)

RHOO (oo)

PNOT (P )
PHASE-DEPENDENT INPUTS:

M

D
>
[ V]

sea level value of gravitational acceleration
geodetic latitude of launch site (DMS)

astronomical latitude at launch site (DMS)

geodetic or geocentric longitude at launch site (DMS)
astronomical longitude at launch site (DMS)

azimuth angle of the pitch plane with respect to North

(DMs)

coefficient of the second harmonic of the earth's
gravitational potential

coefficient of the third harmonic of the earth's
gravitational potential

coefficient of the fourth harmonic of the earth's
gravitational potential

range coefficient

speed of sound constant

atmospheric density decay parameter
mean sea level atmospheric density

mean sea level atmospheric pressure

present vehicle mass (slugs)

location of the engine gimbal (ft)
effective drag area during boost (ftz)
perturbation factor in mass flow rate

perturbation factor in ISP

4-9
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6t

At

MES

A

& & &

A

7

y
AP

DYNAMICS TABLES:

Header for tables

"A" TABLES
(gISP vs. P)

"B" TABLES

(M vs. [ M)

"C" TABLES
(CA V8. Rv)

"G®" TABLES
(Cg ve. M)

4-10

minor cycle length phase dependent dynamics block
integration step size (secs)

major computational cycle length, phase dependent
guldance block integration step size (secs)

mass at the end of phase (slugs)

phase dependent parameter defining the maximum
angular rate of the vehicle (DMS/sec)

pitch position gain
pitch rate gain
roll position gain
roll rate gain

yaw position gain

yaw rate gain

phase dependent print interval (secs)

title for printout to identify the vehicle being
simulated

table of 32.174x specific impulse vs. pressure foi' each
phase of the vehicle simulation (ft/sec vs. lbs/in")

table of mass flow rate vs. expended mass for each
phase of the vehicle simulation (slugs/sec vs. slugs)

table of axial drag coefficient vs. mach number for
each phase of the vehicle simulation

table of center of gravity vs. mass for each phase
of the vehicle simulation (ft vs. slugs) .
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TBLJ table of north wind velocities vs. altitude

(North Wind vs. H) (ft/sec vs. ft)

TBLK table of east wind velocities vs. altitude

(East Wind vs. H) (ft/sec vs. ft)

TBLD blvariate table of normal drag coefficient vs. mach
'CN V8. Rv, Q) number and angle of attack for each phase of the

vehicle simulation (ND vs. ND and radians)

TBLH bivariate table of center of pressure vs. mach
(C_vs. R, a) number and angle of attack for each phase of the
P v vehicle simulation (ft vs. ND and radians)

GENERAL INPUT FOR STARTING SIMULATION AT BEGINNING OF ANY PHASE
GREATER THAN 1:

STTIME starting time for the phase (secs)

S TMASS starting mass for the phase (slugs)

STPOS starting position vector (ft)

STVEL : starting velocity vector (ft/sec)

STGIMB ~ starting gimbal angles (radians)

STINOU starting trigger for in or out of the atmosphere
0 = in atmosphere; 1 = out of atmosphere

VAXYZ starting J‘ax. fay. ‘]’az (ft/sec)

STBETS beginning phase

STJ starting "j" number

STK ' starting "k" number

QBIAS whole number part of time ~ not necessary if included

in STTIME (secs)

4-11
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INPUT QUANTITIES FOR STARTING AT BEGINNING OF PHASE 2:

ST2BET flag for BETTRG
0.= after Tg; 1.= before T3
ST2L L number
ST2P11 flag for print of line 13 in normal print
0.=no line 13 print; I.= print line 13
ST2T4T flag for T4 trigger
0 = before Ty; 2.= after T, and before T4

INPUT QUANTITIES FOR STARTING AT BEGINNING OF PHASE 3:

ST3BET same as ST2BET
ST3L same as ST2L

ST3P11 same as ST2P11
ST3T4T same as ST2T4T

INPUT QUANTITIES FOR STARTING AT BEGINNING OF PHASE 5:

ST4R12 flag for T_ trigger

0 = look for T5; 1 = do not look for T5

INPUT QUANTITIES FOR STARTING AT BEGINNING OF PHASE 6:
STGES6 TES6 (secs)

INPUT QUANTITIES FOR STARTING AT BEGINNING OF PHASE T:

STTR6 T6 (secs)
STTR7 T7 (secs)
ST7134 flag for Tg trigger

0. = look for TG; 1.= do not look for 'I‘6

4-12
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INPUT QUANTITIES FOR STARTING AT BEGINNING OF PHASE 8:

ST8135

TESS (secs)

INPUT QUANTITIES FOR STARTING AT BEGINNING OF PHASE 9:

ST9136

ST9137

ST9138

MISCE LLANEOUS INPUT:

KNPPP

RUNNO

SFINAL

TFINAL

T8 (secs)
I'9 (secs)

flag for T_ trigger
0 =look for T.; 1 =don't look for T

8 8
number of time prints per page
run number

final phase for cutoff

final time for cutoff (secs)

4,1.2,2 State Transition Matrix Generation Inputs

NORG6PT

PROPT

AP

flag for state transition matrix
0 = compute state transition matrix
1 = do not compute state transition matrix

flag for output
0 = printout state transition matrix and necessary
data for all-inertial guidance system and save
on tape
= print nominal print

interval for saving data on tape (secs)

4~13
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4.1.3 INPUT - BLOCK A

4.1.3.1 LEVEL II FLOW CHART




Indug
Jreig agByq
[eroads €'y

LNdNI

sindug
SOoTWIRUAQ Z°V

—

syndug
souepInd 1T°'V

'V AD0T1d

aseyq dolg
owry dojs

o8ed /surxd Jjo ‘oN —
s3uipeaHq
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4.1.3.2 BLOCKA.1
GUIDANCE INPUTS
OP 0123 (Guidance Option for pg* or P, Q, R Guidance)

Constants for Zero Angle of Attack Guidance (BLOCK A3)

L. K- Keq
2. 0

ce For P, Q, R
3. Rgropy
4. Rgropg
5. K

For p*

6. T,
. T,
8. T,

Constants for Determining Aiming Point (BLOCKS 4A and 4B)

1. F

AIMj
2. Cp
3. Gy
4 Gy
5. ﬁAj
6. To,

Constants for Vg Computation (BLOCK 5)

1. K,
]

2. Krj

3. P.

J

4-16




Constants for Vg Computation (BLOCK 5) - con't

4, U,
wj

5, €

u

6.

7.

€
S

Kya
Constants for Trajectory Constraints (BLOCKS 6A and 6B)

1., F

CONj
2. K13j
3. 14
4. Ep
5. €1
6 TAj
7. EY
8. KYj

Constants for Curve Fit Guidance (BLOCK A7)

1. 'ﬁwj

2. Apg
3. Bpg
4 Cpg
5. App,
6. By,
7. Cpp,
8. Ay

4-17
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Constants for Curve Fit Guidance (BLOCK A7) - con't

9. B

RVj
0. Cpy
L. K,

2. Ky
3. Framy

Constants for Attitude Commands (BLOCK 81)

1. k2j
2. k3j
3. k4j
4. 5§
5. Aej
6. Bej
7. Cej

5

2. T
6
3. T !
6

4. T
7

5. T
8
. T '
6 8

4-18




Criteria for Logic Decisions

1,

10.

11.

12,

13.

TR

‘TR

Urgj
“TRAj

EXj

c

EXj
vg
alk
auk
YLk
KY uk
MT6

MT8
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4.1.3.3 BLOCKA.2
DYNAMICS INPUT

4-20

Dynamics Options

1.
2.

EARFLG (atmospheric option)
WFLAG (wind option)

2.1 North Wind Perturbation
2.2 East Wind Perturbation

Number of Phases
Run number

KRgvy (thrust coefficient)

Planet Physical Constants

o W N =

10.

11.

12.

13.

14.
15.
16.
17.

a
e

. €

GM




Planet Physical Constants - con't

18. a'
19, u'
0
2 * '
0 go
|
21. 02
22. Qr
1
23. Cal
1
24. Ca2
25. !
5 C a3
]
26. Ca4
1
217. Ca5
28. Y!
29. C!
s
30. Table used in atmospheric routine
31. Bi
32.
Po
33. P

Phase Dependent Parameters

1, M

0
2. EG
3 S
4. PISP
5 PFLO
6 At
7 ot

4-21



Phase Dependent Parameters - con't

8. MES
9. )
B]
10. Ke
11, Ké
12, K
]
13. K’
¥
14. K
V)
15. K-
P
16. AP

Dynamics Tables

1. Header for tables
2. gISP vs. P
3. Mys IM

L R
4 CA Vs v
5. C’g vs M
6. North Wind vs H
7. East Wind vs H
8.

Cst Rv’ a
9. C vsR, o
P v

State Transition Matrix Inputs

1. NOR6PT
2. PROPT
3. AP

4-22
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4.1.3.4 BLOCK A.3
. START INPUT

General Start Parameters

1. Time
2, M

3. X,Y,Z
4, X, Y, Z
5

- G Oy Qg

6. In-Out atmospheric trigger
7. J‘ax, j‘aYs Iaz

8. STBEGS
9. Q-BIAS
10. j
11. k
‘ Start Parameters (Phases 2 to 4)

1 BETTRG
2 STEXT + 11
3. T4 trigger
4 £

Start Parameter (Phase 5)
1. T5 trigger

Start Parameter (Phase 6)
1. TES 6

Start Parameters (Phase 7)
1. T

6

2. T7

. 3. T 6 trigger

4-23
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Start Parameter (Phase 8)
1. TES 8

Start Parameters (Phase 9)

3. T_ trigger
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4.1.4 BLOCKB

4.1.4.1 LEVEL II FLOW CHART

4-25



mdino
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ﬂH, mdino ﬂ
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4.1.4.2 BLOCK B.1
DYNAMICS OUTPUT

10.
11,

12,

13.

14.
15.
16.
17.
18.

N g R ® e

time

height

dynamic pressure
X, Y, Z

X, Y, 2

Bx’ By’ By

“pr Yya' “ro

r
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4.1.4.3 BLOCKB.2

GUIDANCE OUTPUT

L Vepox' VREQY' YREQZ
2. VgX’ VgY’ ng
3. pi, pi_l
£ Ty T
5. a
6. e
7 VREQ
8. alc’ Xoer %3¢
9. p*
10. r
c
11. r
c
12. (rv)c
1 t
13. 8gc ¥rc
14. Atgo
15. alvg ’ 02vg ! o‘3vg
i ) i
16. Aalc, Aazc, Aa3c

17. ARy, ARy, AR,

18. AR'R , AR- P
(o) 1

19. s
20. ek
21. v Y
A
1 Ai—l
22. Av
23. Ra’ Qa

4-28
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4.1.4.4 Block B.3 - Edit Output

INPUT: X, Y, Z, ).(, Y.’ i’ }.( Y.' iA: Q, tn €, I, R W'

]
A’ YA %kc’ VEC' ®kC
1. X=tan-ll|: 2Z ] -%<>~512T“
(1-¢€) /(X +Y)
~-T<dSsT
— -1 li
2. M = My 0t + tan [X_J -1

IrxV‘
3, B = tan {—A— 0 <8 <m
{‘r,vlf
4, y = —l{lr_x_vl_} 0 Sy<m
|r - V|

5. Funct. = [cos (M- M )][(X +Y )1/ /r][cos A el [Z/r] sin )\

-1 -
6. Range = (Rcl)(cos Funct) 0 =< cos 1 Funect. < 1
1 t
eEC _1 eEC
¢ - 1
4(EC_ EC
8 (—‘)- - i~1 i
' YA Ati
[ o
*EC “EcC
9 5 - -1 i
* RO At

LC
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1 t R h Fy M M
2 q qo ek AR - ﬁo 0 AR - Pi s
3 X ¥ z VREQ X VREQ Y VREQ Z
4 X v z Vex Voy Voz
5 X Y Z Aa, (DMS) | Aa, (DMS) Ac, (DMS)
6 gx gY gZ a Av e
7 @py Wya | “Ro ARy ARy AR,
8 A (DMS) | w(DMS)| B(DMS) ar 0L (DMS) ¥ o (OMS)
9 r r y DMS) | V, VREQ \'
10 r, i~c (r V) . o (DMS) o, (DMS) o, (DMS)
11 P, Yai Ti o lc(DMS) o 2c(DMS) o 3c(DMS)
12 P, Yair | Tic1 ®) e (OMS) | @, .(DMS) g i (DMS)
13* a4(rad) éa Ra B ot R

* TLine 13 is printed out up to T 4 only.

4-30

(DMS) = (Degrees, Minutes, Seconds)

PRINT KEY (PROPT = 1.)

Print Key for Program 118. 0
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1 TIME RUN NO. PHASE By, @y, Bz
2 X Y z X Y z

3 2% 2y '/ % % Y3

4 ®11 ¥ .2 21,3 1,4 | %15 ®.6
5 &1 %52 %53 %54 %55 %56
6 %31 23,2 %33 %34 | %35 %36
7 %41 20 %3 48 | %5 %6
8 %51 ®5 2 ®5.3 %54 | %5 5.6
9 ®6,1 %62 %63 26,4 %5 6,6

PRINT KEY (PROPT = 0, NOR6PT =

0)

(Decimal Data)

Joy Jay fa,
Beginning of Phase (No.)
t QBIAS MASS o 1 o 2 013
Jay Jay Ja, — — —
X Y Z X Y z

OCTAL CODED DATA PRINT AT BEGINNING OF EACH PHASE

Print Keys for Program 118. 0
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4.2 BASIC COMPUTATION BLOCKS

The blocks covered in this section are those in which computations affecting the run
are performed. The initialization block (I) is only computed once at the beginning of .
the run and is not in the computational cycle.

4-32
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4.2.1 Initialization - Block I

The initial position and velocity of the vehicle in the reference PCI coordinates and the
initial orientation of the reference body axes are calculated in this block. The vehicle
is placed in the X-Z plane (for u1p = 0) of the PCI coordinate system and has an initial
velocity in the Y direction due to the planet's stellar rate of rotation. The geoidal
separation at launch, Ny (earth only), and the altitude above the reference figure for
the planet, Hy, are used for calculation of the initial position. The body axes are
oriented with respect to the local vertical, as defined by A4 and uyA, and the launch
azimuth ¥p. The roll axis, Ro, is vertical at the launch site and for a zerg (North)
launch ammuth ¥p; the pitch axis, PI, is pointed West and the yaw axis, YA, is pointed
South in the launch level plane.

Detailed flow charts and equations follows.
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This is a blank page
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1.1 SETUP PROGRAM

Setup outside subroutines

Clear storage

Compute CO’ Cl’ Cz, C3, C4 in BLK 01
Setup prints per page

Setup edit

Setup atmospheric trigger

Je ok w e

Setup number of equations integrated
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1.2 BLOCK 00

Output:

Input:

1)

2)

3)
4)
5)
6)

7

8)

9)
10)
11)
12)
13)
14)
15)
16)
17)

18)

Initial Conditions

€, AL’ ae,NL, HL, 0, FLA? Ky ALA’ ‘bP

}\LC = tan_l fa- 6)2 tan )\L]

Cos )\LC

R = [a (1—e)]/[1—(25—e)2coszh ]1/2
SLL e LC

RL = RSLL + NLI + HL

X0 = RL cos ALC

Y0 =0

Z0 = RL sin ALC

X, =0

Y, = axX,

z'0 =0

wPI = 0

wYA =0

“p T HraT ML

Cos ALA

Sin }\LA

Cos uLD

Sin U'LD

Cos \j:P
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(continued)
19) Sin wP
20) ROXO = .COoS }\LA cos Wy
21) ROYO = coSs KLA sin )
22) R 0z, = sin A,
23) YAXO = + cos wP sin ALA cos uLD-l- sin wP sin uLD
24) YAYO = + COSs wP sin ALA sin Mip " sin ﬁxP oS Uy 1
25) YAZO = - cos \bP cos }\LA
26) PD(0 = -sin ¥ p sin ALA cos u'LD + cos \ltP sin uLD
27) PIYO = - sin \hP sin ALA sin Mp -~ cos \]JP cos Wy 1
28) flzo = sin be cos }\LA
Rom G xRy

29) “ro =0

—PIXO PIY0 PIZO |
30) [A4] = YAXO YAYO YA ZO

LROXO ROYO ROZO |
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1.3.1 Compu@e RO and YA

Output: RO’ YA

= _ _ R _ —
1. RO (sin a, sin ag cos a, sin a, cos ae3) PIO

+ (-cos a_ sin @, + sin o, sin @_ cos a3) Y

1 3 1 2 A,

+ (cos a, cos a3) RO0

i . Y = (- + P,
1 2 YA (-sin @, cos a, cos o, sin ozz sin a3) PIo

. —
+ (cos oy cos oz3 sin oy sin a, sin a3) YAo

. _
‘ (cos a, sin oz3) R

0y
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4.2.2 DYNAMICS - BLOCK I

4.2.2.1 LEVEL II FLOW CHART
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4.2.2.1.1 Compute Gravity (II. 1)

The calculation of the gravitational accelerations which act on the vehicle is done by
computing the gradient of the gravitational potential function which includes the spherical
zonal harmonics of the zero, second, third, and fourth order. The functional repre-
sentation employed is in terms of the Legendre function of the first kind and the
Legendre associated function of the first kind. The model is extenable, should it prove
worthwhile to do so, to higher order zonal harmonics and even tesseral harmonics.

This block is also used to calculate the altitude, H, which is measured from the sur-
face of the reference ellipsoid along a line from the center of the planet to the vehicle.

Detailed equations follow.
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II.1 BLOCK 01

Output: &y By By RSL’ H, A, Cos A, 1, T
Input: X, Y Z, ¢, GM, ae’ CO’ Cz, C3, C4
1) r = [X2+Y2+Z2]1/2
2) Cos A = [(X2 +Y2)1/2] /r
3) RSL = [ae(l -e)l/[1 - (2 - (2) cos2 7\]1/2
4) H =r-Rg
n, 2 n
5) P () = <n1 > [d (in'n :| n=0,1,23,4,5
2 n!
" ; PE) = 1
P (1) =1
¢ = sinA
Py¢) = 1 Cy =1
PE) = & c, =0
P,(t) = 3/2&2-1/2 c, = -2/3 Jg
P() = 5/2¢° -3/2% c, - 2/5Hg
P4(£) = 35/8@4-15/452+3/8 c4 = 8/35 Dg
P, )= 63/88° - 35/4 £° +15/8 &
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6)

7

8)

9)

10)

11)

n

(continued)

d(P)
(1 -g)/2 T n=1,234,5
2.1/2 § = sina
(1-¢9 c, =0
NAPRIERYE
3/2 (562 -1) (1 -¢3/2
5/2(”3_35)(1_)52)1/2
2.1/2

1/8 (315&4-21052+15)(1-§ )

4 a
-@EM/AA®/T) T0C (TP €)/P @)

n
4 a
S@WEH/) T 0L ()P /P

4 a
-@M/rY T @) C (PP E)

[X)X) + (V) (V) + (2) @)]/r

. . .. -2 < 2 . 9 .9
[X)X) + () (V) + (Z2)Z) + X) +(¥) + (Z)" -(0))/r
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4.2.2.1.2 Compute ID'I- (L. 2)

The pitch vector of the vehicle is computed from the roll and yaw vectors to preserve
orthogonality.
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| IL2 BIK 1A ‘
Output: I)I |
Input: ﬁO’_A
D Py = Ry Yaz Rz Yuy
2) Py = ~Roz Yax *Rox Yaz
3) Pz = “Rox Yay* Boy Yax
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4.2.2.1.3 GBLKO1- (. 3)

This block computes the platform gimbal angles where a_ is the inner gimbal angle,
o _ is the middle gimbal angle, and o, is the outer gimbal angle.
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II.3 GBLKO1
Input: P,P.,Y,,Y ,R.,R
I IO A 0 0 O0
Output: a,, o, ag o
i P Y4y
a_. = tan [ ] Ko - 2m <a_, < Kau
1 N %% 1 k
PP
0
-1 T b
a, = sin [- (PI Roo] -3 S, <y
_1 (YA'ROO)
a_ = tan [ :] Kyu - 2 <a_ <Kyu
® . R
0 00

Kozu.k and KYuk given in rad.
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4,2.2.1.4 GBLKO03 - (II. 4)

This block computes the error commands about the roll, pitch, and yaw axis.
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' il.4 GBLKO3
Input: alc’ a20’ a3c, al, az, oz3, Bj
Output: cp'EC, \Lr'EC, ei‘:c
a'h = alc B al
aée = QZC— a2
aé‘ = a3c- a3
oo = (cos a,)(cos az)a, - (sin az)a, |cp'ECl < Bj
'EC = (cos a,)(sin ag)a, + (cos az)a, thl < Bj
9'EC = - (sin a2)ale t e leiEICl s Bj
‘ where @, = a'1¢ - 2m @ >
“1e =a'1‘ _n<a1! =t
ale =a1‘+2v C’tles—rr

. \J ] T i i
NOTE: cpE c’ q;E c’ and BE C are limited by Bj.
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4.2.2.1.5 BLKO02 - (II.5)

This block computes the velocity of the vehicle relative to planet's air mass. It is
assumed that the air mass is fixed to the rotating planet.
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II.5 BLKO2 (Without Winds)

Output: VA’ I\_/"Al
Input: X,Y,2 X, Y, 2 0
1. XA =X +0Y
2. irA =Y-nx
3. iA =7
AR 2 R LAk
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4.2.2.1.6 EATM - (1. 6)

This block computes the density, speed of sound, temperature, and pressure for the
earth's atmosphere as a function of position. This atmospheric subroutine is based
on the U.S.Standard Atmosphere, 1962.
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II.6 EATM
ATMOSPHERIC SUBROUTINE
Input: X YZ, constants, Table
A-1 r2 = X2 + Y2 + Z2 (ftz)

A-2 T = + AT ()

2
2 . z
A-3  cos" A =1 - ()
r
2
R/
- t = = (33— -
A-4 P =SB (nd)
r
GM' 2 g A
A5 U = 22 a+c pr By 4 2T 8% @2 /sec?)
f T 22 2 >
r
2 2
A— = ! - ! 1
6 U U0 Cal Uf (m” /sec”)
A-7  H® = (m)
€

*1 ! ' M',k ., L ., P' bythe conditions:
From Table, determine H( W Tty 'lin} @’ “m) @) ) y

A-8 (@ HN S HYS HML
®  HLY ™ Tay o Py Moy 5o
Then
A~ - 1 *' _ ' Y
P T =Tyt Ly (- Hyl o O8)
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(n)

w' g/
_ v - pt _ =02 0 rwr_ pgw
A-10 P(rn) P(n) exp [ T (H H (n)i|
()
L 0
oLy 7
Wo8s
- L(n
A-11 P(m) P(n) [T
P m) 3
' = 1 4
A1z pp = Wo T Cop (kg/m)
- t = M - *1_ H* d
A-13 M= My -k (HY- HE) O (ad)

For H¥ < 88.743 (Km)

- - ol (Y2
A-14 C, C.o (YT) (ft/sec)
For H*'> 88.743 (Km)
o~

A-15 Cs = Cs (ft /sec)
A-16 p =C/ p! (slugs/fts)

a3 ' (m)
A-17 . P =C/, P! (1bs/in2)

ad ~ (m)
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4.2.2.1.7 PATM - (.7)

This block computes density and speed of sound for the atmosphere of any planet.
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1.7 PATM
Output: o, C, P
: C
Input: H, 8, 0, C+ P,
-8:H
1 = i
) p=0,€
2) C = constant
- BiH
3) P =P e
(o]
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4.2.2.1.8 BLK2W - (IL 8)

This block computes the effect of atmospheric winds. The wind velocities are tabular
functions of altitude with linear interpolation in altitude to determine current wind
velocity. The perturbation factors, PN and PE’ are used to change magnitude and
direction of the wind velocities.
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I11.8 BLK2W
(With Winds)
(Uses BLK 02)
*Denotes value computed in BLK 02
- -
Output: Vy \VAl
. 7 X* Y* 7%
Input: X, Y, Z, XA, YA’ A’ r, H, PN’ PE
Tables:

North Wind (WN) vs. Altitude (H)
East Wind (WE) vs. Altitude (H)

Note: WN and WE are perturbed by PN’ PE

N WNXZ/[(X2 + Y4 2 +W_ Y/1X LY V2
o4, - 4w vz s s won ey
PR ATINE SRS AR e e
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4.2.2.1.9 BLK2N - (IL. 9)

The determination of aerodynamic effects is accomplished in this simulation by the
evaluation of functions of Mach number, angle of attack, and dynamic pressure. This
block computes these quantities, utilizing the atmospheric subroutines. The total
angle of attack, a, is computed as an absolute magnitude. The sign of @, is positive
when R, is above the vector Vp, and @y is positive when the vector V A'is to the left
of R0 (when viewed from above in a forward-looking sense).
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II. 9 BLK2N
Output: RV’ q, o, aPI’ O p
Input: VA’ RO, YA’ P, CS
= |v,|l/cC
) Ry |v Al7/C

2) q = 1/2p |V
3) V cosa=-§'{; =R_X +R_Y +R__Z

4)

R
l

an_1 [(E0 xVA)/(EO VA)]

-1 . .
= tan " {[®oy2, RozYA) +(Roz A~ RoxZa)

+ 2.1/2
+(R0X A" OYXA) ] /(VA cos @)}

5) an {[(EO xVA) -511/(50 VA)}

R
i

Pl

tan- {[(ROY A A)P +(Roz A~ RoxZa) Pry

+ (ROX A" OYXA) PIZ]/VA cos a !

6) an'-1 {[EO xVA) . _SEA]/(EO v )4

R
1

ya "¢ A

-R Y)Y

-+
OYA OZAAX(

ROZ A ROXZA) YAY

tan” {[(R

+ ®ox Y, - BygXa) YAZ]/VA cos a}
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4.2.2.1.10 BLK2A - (II. 10)

For powered flight phases, the axial drag force is resolved along the negative roll
axis. The axial drag coefficient is a phase-dependent tabulated function of Mach
number. The reference area, S, is a phase~dependent parameter.
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11.10 BLK2A
Output: FDA
Input: q, S, RO’ RV
Tables:
Axial Drag Coefficient (C A) vs. Mach No. (RV)
) Fpax = "95C4 Rox
2 Fpay = 95C, Ryy
3) Fpaz = 95C, Ry
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4.2.2.1.11 BLKO3 - (I 11)

The normal drag coefficient, Cy, is tabulated as a function of two variables, Mach
number and angle of attack, and is calculated by a bivariate interpolation process from
these tables. The CN table and the reference area, S, are phase-depende_gt param-
eters. The normal force magnitude is resolved along a vector normal to Ro and is
scaled by cos @. This normal force vector is resolved into components along the
reference body pitch and yaw axis to define aerodynamic moments for use in the pitch
and yaw moment equations. This force acts at the center of pressure, which is also a
function of Mach number and angle of attack.
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II.11 BLKO03

Output:

Input:

4-60

F

DN "~ DNPI

» F ! FDNYA

a, q, S, V,, RO’ PI) YA, RV, Vv

A A

Tables:

1)

2)

3)

4)

o)

Normal Drag Coefficient (CN) vs. Mach (RV) and Angle of Attack ()

Foax = 8 [cos @Ry - )'{A/VA] Cy
Fony = 95 [cos @Ry - '§(A/VA] Cy
Foyy = a5 [cos @Ry, - iA/VA] Cy
Fonpr= P1° Fox = PrxFonx * PrvFony * Przfonz

onya ~ ¥a " Fpn = YaxF

pxx t YavFony T YazFonz
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4.2.2.1.12 BLK 4B - (0. 12)

The motor normal force is defined to be that needed to exactly cancel the moment due
to the aerodynamic normal force. The center of pressure, Cp, is a phase-dependent
tabulated function of Mach number and angle of attack, and is computed by a bivariate
interpolation process from the tabulated values. The vehicle's center of gravity, Cg,
is a phase-dependent tabulated function of mass. The engine gimbal distance, Eqg, is
a phase-dependent value. These three distances are commonly defined with respect
to a position reference in a "station number" fashion.
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II.12 BLK4B

Output: FMN

Input: FDN’ RV, a, Mass, EG
Tables:

Center of Gravity (Cg) vs. Mass (M)

Center of Pressure (Cp) vs. Mach (RV) and Angle of Attack (@)

1) d. = C -C
) 94 g p

2 d, = Eg-C,

3 F = [dl/dZ] [F

MNX pNx]

4) F

il

[dl/d2] [F

MNY DNY]

5 F = [dl/dz] [F

MNZ DNZ]
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4.2.2.1.13 BLKOS5 - (IL. 13)

The thrust force in the axial (R,) direction is defined to be the magnitude of the differ-
ence between Fy and the thrust forces normal to Ry. This calculation also accounts

for the ma_g.nitude of the motor normal force due to the roll couple force which does not
appear in FMN explicitly.
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I1.13 BLKO05
Output: FMA’ FN
Input: f{-0’ FMN’ P, Pisp' Prro’ BREV
Tables:
gISP vs. Pressure (P)

MASS FLOW (M) vs. EXPENDED MASS ([ Mdt)

1) Fy = (@ (sp) Prgp) M (Ppp )

9 Fyeoss = [Fy-Fy - Faony - Fanz! - gy
3) FMAX = ROXFN cos 6
4) FMAY = ROYFN cos 6
5) FMAZ = ROZFN cos 0

4-70




AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %é

4.2.2.1.14 BLKO06 - (II. 14)

The thrust and aerodynamic forces acting on the vehicle are divided by the vehicle
mass to define the accelerations which are sensed by the accelerometers. These
accelerations, together with the gravity acceleration, define the net acceleration of

the vehicle which is integrated to calculate the velocity and position of the vehicle in
reference PCI coordinates.
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II.14 BIKO06

Output:

Input:

4-72

i’ §’ Z’ E’ k’ &’ z’ X’ Y’ Z’ M’ M, Va,

Fox' Fpar Fmar Py & M0 5(o’ {{o' Zo» Xo0 Yo
Tables:
Mass Flow (M) vs. Expended Mass (J Mdt)
1) a, = [Fpax t Foax t Foax * FMNX]/M
2) aY = [FDAY + FDNY + FMAY + FMNY]/M
3 a, = [Fp,y* Fpng ¥ Pz * Pzl /M

4 X =a +
) a tey

5 Y = a_+
) ByT By

6 Z = a_+
) ZgZ

) t e
= +
N X =X IOth

. oo

8 Y =Y +[ Yt

. . tll
9 Z = z0+j0 Z dt

= +
1) M = M +[ Mat
t.
11) X=X +[ X dt
0 (o)
t.
12) Y=Y +[ Yadt
° 9
13) z=zo+f02dt

14) V =f0a dt

aX X
t
5 -
15) VaY f ay dt
t
16) V= fo a,, dt

Y, Z

0
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4.2.2.1.15 BLK7C - (. 15)

This block computes the vehicle rates assuming a perfect autopilot.
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II.15 _ BIK7C

Output:

Input:

4-74

w

vy Koy Kiy @

t t
Skc VEcr Koo Koo By By

1)

2)

3)

“pr

Wya

“Ro

i

[Ky/K51 [85c]
[K/Ky] Dl

[KCD/Kq‘)] [0} ]

' .
EC’ ch, ch
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4.2.2.1.16 BLKTA - (II. 16)

The instantaneous orientation of the body axes are calculated by integrating the rates
of the six components of yaw and roll vectors in PCI coordinates. These vectors are

normalized and the pitch vector is computed using a cross product relationship in
Block II1. 2.
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II.16 BLKT7A
Output: EO, ?A
Input: ROO, AO’ wPI’ wYA’ wRO
)y Yo=Y, +f/ @R P_)dt
AX AX g U PI ox ~ “Ro” IX
2 Y, , =Y +jt(w ) dt
AY AY, "4 prtoy ~ “rof1y

t
+ -
3) Y,z = Yaz 0 ! 0 (WpRoz = o Prz) &

H Rox = 0+I (wp¥ax * WyaPrx) &
5 R =Ro +[ (w, Y P dt
oy = Yoy, TV T AY T ®ya
6 Ryy = +f (~wpp Yaz ¥ WyaPrp) @
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4.2.3 INTEGRATION - BLOCK Il

4.2.3.1 LEVEL II FLOW CHART
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III.1 GILL

Output:

Input:

1)

2)

3)

4)

Y

n+l

ot, Y0 derivatives

1) _ 1 '

Y =Yy etlYey))

(2) _ (1) | 2-42 . 6t (1), o
Yo~ Y vt oty e+, Y 1) - Y'(t, Y )

(3) _ (2 2+ £)2 ' ot (2) q_ gt
Yn+1_Yn+1+( 2 ot LY (t+2 ’Yn+1] 6t [Y'(t+2 ’
(1) 1-./2 ,
Yn+1)J+ (5 ) ot (Y (t,Yn)]

(4) _ (3 1 ' : (3, 1. 2+./2
Y =Yt ot [y (Y )+ Y'(t+ 6t Y 7) ] (2—2——) ot

Yyt + g—t—, Yg_)l) 1+ (%ﬁ) 5t [Y'(t+§-2t- s Yéi)l)]
_ (4
Yn+1 B Yn+1
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0I1.2 ADAMS

Output: Yn +1

Input: &, Y0 derivatives

(p) ot 1
= -5 t + 37Y! - 1
) Y =Y v (55 =59 Y o9 ]

1 2

(o) _ gt (P) ' - 1 '
2) Yn+1 Yn+ ) (9 Yn+1 +19Y! 5Yn_1+Yn_2]
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4.2.4 GUIDANCE LOGIC - BLOCK IV

4.2.4.1 LEVEL II FLOW CHART
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Iv.1.1,1 Compute Pa’ Qa’ Ra

Output: Pa’ Qa’ Ra
Input: V,R ,P.,Y, ,0
a 00 I0 A0 cc
1. Pa = (Va PI)
0
. Q =( 'Y +(V *R )sin®
2 Qa (Va YA ) cos ecc (Va Ro)sn e
0 0
o : = v . R - v . v 8
3 Ra (Va RO ) cos ecc (Va YA)sin .

0 0
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Iv.1.2 PSITH

Output: alc' a2c, a3c
Input: Pa’ Qa’ Ra’ K52 - K61
L] = +
1 alc K50 Pa K51 z Pa At

2c

_ . . . 2 . 3
3. @, =K, [Q -Kg-K  R)-K R) -K(R)]

L4 o 2 . 3
+ K58 + K59 (Ra) + K60 (Ra) + K61(Ra)
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Iv.1,3.1

Compute S*

Output:

Input:

4-88

ﬁ*
V,,R ,Y
A 00 AO
X = v 0— =
B 0 for(VA RO) 0
0
V. Y
-1 A A - =
B* = tan [-— R ] for (V, * R;
(Vy© Ry A D
0
vV 'Y < < g* <
for (V, * Y, ) =0 0 <8 i
0
v -V > < B*
for(VA YAO) 0 < B* <21
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This is a blank page
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IV.1.5.1 HA4A - Target or Aiming Point

: F j=F =
Input XAj’ YAj’ ZAj’ [Flag j AIM j 0]
Output: U A’ r A

This block is computed only once at staging or at T 4

<. ~ -
_ XAji YAjJ+ZAjk

Uj— 2 2 2
+ +
\/Xij Zj

2 2 2
= /X% +Y, .+
T Ay f Aj T Aj ZAJ'
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IV.1.5.2 HA4B - Target or Aiming Point

Input: t.

Output: A}’ rAj

This block is computed every major computational cycle

C,. cos [Czj+n(ti_1+Ti_1)]i+ C1 1_1)]j+03jk

+ +
Sy sin [Cp, +0 (¢, | +T

i

U, .
Aj rAj
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IV.1.5.3 HA5 - V, Computation

Input: U Aj
Output: Vg’ Ti
Note:

Er = r/r

c =T, T,

s = +yl-c

ecosv=ppu-1

.,r’ r’

sign s = sign of Er X

An initial value of % is given every time this block has a new aiming point.

Aj

My = 1ry,
= -1
€ cos vA P “A
Iss<e
s
Yes: esinv, = esinv,
i i-1
e sin VAi e 8in vAi—l
No: (c)(e cos v) - (e cos VA)
esinv =
s
(e cos v) - (¢) (e cos VA)
esihv, =
A s

2 :
e = (e sva)2+(e cos Vv
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IV.1.5.3 HA5 - V g Computation -~ continued

N T
2
l-e
r = (K. e sin v)/
(J)( )/{p
Iss<e ?
u

Yes: E =E x-ﬁ

v wj r
No: U = [UAj—(c)(Ur)]/s
_ — KX/P)

= ——l—-_ u
VREQ (r) Ur + - UV

Vg = (VREQ -V) (KVG)
esin E = (Krj)(r)(i')/}/a_

e sin EA = (rA)(e sin VA)/ }/:/p—

. -1 V:—a—'fp—[rA(e sinv,)(1-r/a) - resinv) (1 - rA/a)]
E -E = tan [ ]

ez[ap+(c—1)rrA]

< -E<21
0 EA

+ e sin E]

Ti= a ’/_a_Krj [EA-E-esinEA
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IV.1.5.4 HAG6A Constraint (Constant Time of Arrival)

Input:

Output:

Is lTAj

Note:

4-96

Tap Tor b Spv B Pige Foony ™0 Kpgpr Ky

Piy1

- s
¢, + Ti)\ € ?

a) Yes, pi+1 = pi

b) No, Is |pi—pi_1| < ep?

D Yes, piy = B IE )+ KD pIIT, - ¢ +T)I

- s
2) No, Is \(ti+Ti) (t1_1+Ti_1)| €r
Yes, bl
- - (t, +
’ i _
i+1 i @ +T) - _ +T. )

The first time this block is entered every At, use equation bl.




IV.1.5.5 HA6B Constraint (Constant Flight Path Angle)

2
Input: (e sin VA), (e cos VA), (e), KYJ" eY, Fconj =1, ep, K13j’ K14j
Output: pi+1
Yy, = sin [ il - —sy <2
A J1+2 (e cos VA)+ (ez)‘ 2 A 2
Is |[K . - <€ ?
s | v ¥, |
a) Yes: p(i+ 1) = P
. _ <
b) No: Is lpi p(i _ l)l ep?

‘ 1) Yes, p

- + -
1 = Py IK g PRy 8] Ky - Yy)
—- <
2 No, Is |y, -vy; 4l =<
Yes, bl
p, - P
i (i-1)

No, p,, =p, + - K. .-V,

A+ T Ya T YA -y vioA

Note: The first time this block is entered after j is changed, use bl.
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IV.1.6 HS1 - Vg Steering Commands

. V.R Y k., k. .,k ,U,V
Input ng, RO [} PI 9 YA 9 kzj! 3j’ 4j’ 53, T Vg) Aej’ Bej) Cej
0 0 0
Output: alc’ azc, a3c
L Vg Pl '
- tan L [—E O ] Kal, < a. . <Ka
Qelvgj tan [_ v - YA Lk 1lvgj Y%
g 0
%ove =0
-—' - — _ . —
YA cos (alvgj) YA() sin (alv) Io
= .=
o = ta.n_1 ——g-—-——_ _YA » KYLk <« .S KYu.k
3vgj v R 3vgj
g 09

The preceding five equations are computed only the first iteration after j is changed
and this block is entered.

AR = V xU .

g vgl
= 7 4 —
PI (cos ozl) PI (sin al) YA

0 0
A = - g . — - — . oy
%0 k2j (AR ROO) k3j Z (AR ROO)i Ati

Aazc =0

|

A = - R —Y - R * 1
ag, = -k, (AR" P) kgy Z (AR * P}, Aty
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IV.1,6 HS1 - Vg Steering Commands - continued

8 = [Ag+ By (V) + Cej(vg)z] 'ﬁr xﬁv
.= Aalc + (e'k : EOO) + alv

aZC =0

a, = Ao, + (é-k ) Fi) + a3v
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IV.2.1 HAT7 - Trim Steering

Input: U ., V, T, r, Curve fit constants, k_, k..
put wj’ r,r urve (¢ Aj’ Hj’ KVG
Output: {7-
g
- _ r
Y T T
U =U.xU
A wj r
Av = (ti-tm) m = 5,7,9

=
]

. .\2
R ARCj+ BRCj (Av) + CRCj (AV)

2
= ARDj+ BRDj (Av) + CRDJ_(AV)

=
|

. 2
= + +
(rv) c ARVj BRvj (AvV) CRVj (AV)

-r+k

<

- L] — + . — + .
REQ ~ T¢ Urt W Uy tky; (g

Vo = Vppg - V1 [Kyg)
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IV.2.2 HS2 - Vg Orientation Steering

Input: v, sy R, Y,
g I0 00 A0
Output: alc’ aZC, a3c
Ur = r/r
-1 g PIo
= <
alvg'j tan —V Y KaLk alvgj
a2vg =0
= —
YA cos (alvgj) A sin (a ng) P
a4 Ve Ya
@, . = tan [—':.ET:I KYL, < a
3Vﬂ Vv . RO
g %
U _ =V/V
vg g g
A\ v
A
— 2 — —
B = + + U
k= [Agy+ By (V) +Co (V)1 U x U
= +® 'R
%e T %vg’ Ok Roo)
%oe =0
a =

se = %vg™ & PD)

S e —
(cos alc) PI (sin ozlc) Y

- _
where PI . A

0

< Kauk
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IV.2.3 HS3 - Constant Attitude Steering Commands

Input:

Output:

1c

2c

3c
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4.2.5 CONTROL AND PRINTOUT - BLOCKV

4.2.5.1 LEVEL Il FLOW CHART
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18
Do

.9. 1.1
OUTPUT:

INPUT:

1)
2)
3)
)

o)

V.1 TIME SETUP
Time, QBIAS, QSANDE, (t +1)

Time, QBIAS, QSANDE, (t +1)

I (time) ~ Common

QBIAS + Common ~* QBIAS
QSANDE - Common ~ QSANDE
(t +1) - Common ~* (t +1)

Time - Common ~ Time
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4.2.6 PHASE SETUP - BLOCK VI

4.2.6.1 LEVEL II FLOW CHART
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4.2.7 ATMOSPHERIC TRIGGER - BLOCK VII

4.2.7.1 LEVEL I FLOW CHART
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5.0 USER'S GUIDE

5.1 General Capabilities of Program

In order to be able to use program 118. 0 it is first necessary to know what is
available and in what order the options may be used.

The program can be divided into two main categories, dynamics computations and
guidance computations. In the dynamics category, the physical conditions of the
vehicle and equations of motion are computed and integrated. In the guidance category,
gimbal angle commands are generated based on position and velocity of the vehicle and
the desired end conditions.

There are nine phases in this program, each of which can simulate a separate vehicle
stage. Phases 1 through 3 are set up to simulate the vehicle from launch at a planet's
surface up through the gravity turn. Phases 4 and 5 are used for boosting up to orbital
altitude and into circular orbit. Phases 6 and 8 are coast phases and phases 7 and 9
are used for orbit transfer. All phases do not have to be used, however, phases must
be used in sequence.

Within the nine phases are four guidance schemes with at least two difference schemes
available in every phase except 6 and 8. There is available zero angle of attack steer-
ing (3%), P, Q R velocity polynomial steering, explicit guidance and trim curve fit
steering. The B* steering and 15, Q, R steeering is controlled in the ™" logic guidance
section and the others are controlled in the "j" logic guidance section. The relation-
ship between the guidance logic and the nine phases can be seen on the chart in Figure
5.1.1. The guidance logic changes at the critical time points T through Tg or on the
end of a phase. Different paths may be selected depending upon the vehicle simulated
and the end result desired.

The table in Figure 5. 1.2 can be used to relate the intervals between critical time
points with the associated ™" or "j" number and also the particular guidance blocks

that are used during the interval.

The table in Figure 5. 1. 3 presents the critical time points and indicates the criteria
used in their determination.
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AC ELECTRONICS DOIVISION GENERAL MOTORS CORPORATION CB/C\’ZD

Interval Phase Phase No.; 1] j| k[Blocks Used
TO—T1 Vertical rise 1 0]0|7 |See BETLOG
Tl-T3 Pitchover 1-3 110 See BETLOG
Tl— T4 Curve fit guidance 1-3 210 See BETLOG
T3-’I‘4 Zero angle of attack 1-3 210 See BETLOG
T4~TESS Explicit guidance 1-3 -(1]1 |HA4,HA5,HA6, HS1
TESS-TESAL Explicit guidance 4 2|1 (HA4,HAS5, HA6, HS1
TES3-T’§ Explicit guidance 4 211 {HA4,HA5,HA6, HS1
TES4'T5 Explicit guidance 5 4|1 {HA4,HA5,HA6, HS1
* _m* . . .
TES4 TESS Explicit guidance 5 411 (HA4,HA5,HA6,HS1
T*-T* Curve fit guidance 4 3|1 |HA7,HS1
5 ES4
*  _T* : .
TEs4 TESS Curve fit guidance 5 511 |HA7, HS1
T5—TESS Curve fit guidance 5 5] 1 |HA7, HS1
TES5—TES6 Coast 6 61 |HS3
TESG_TG or T7 Orientation 7 712 |HA4,HA5, HA6, HS2
or HAT7,HS2
T(,—T7 or TES7 Explicit guidance 7 7| 2 |HA4,HAS5,HAG6, HS1
) D
T7—TES7 Curve fit guidance 7 8| 2 | HA7, HS1
TES7_TESS Coast 8 9| 3 |HS3
TESs—T8 or T9 Orientation 9 10{ 3 | HA4, HA5,HA6, HS2
or HA7,HS2
TS—T9 or TES9 Explicit guidance 9 ' 10| 3 { HA4,HA5, HA6, HS1
T9‘TE89 Curve fit guidance 9 -111| 3 | HA7, HS1

*Indicates alternate paths.

Figure 5.1.2
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5.2 DISCUSSION OF INPUT QUANTITIES

The input to Program 118.0 is very large and the following is an attempt to aid the
user in making up a run.

The input sheets supplied with Program 118.0 are set up in a straightforward manner,
however, each run does not require completion of the entire set. It is only necessary
to fill out the applicable portions. In general, when investigating a particular vehicle,
it is useful to have a full input set for all of the dynamics blocks in all phases, since
only guidance parameters change. When making a series of runs together, it is suf-
ficient to input all of the data for the first of the stacked runs and then inputting only the
data that is to be changed for the succeeding runs. (This applies to Program 118.0
only and does not apply to Program 117.0 where complete data must be inputted for
each run.)

The data must be left justified on the input cards with no blank spaces in between. In
cases of duplicate inputs, the latest datum is used. The data may be entered either
in decimal or "E" format for floating point inputs and in octal format also if the
operation "DEC" is changed to "OCT".

The table inputs may be simplified from the input sheet format. For single variable
tables, the number of input data points can be reduced to three for constant or straight
line functions with the first two being the initial datum point inputted twice, and the
third being the end point placed in consecutive computer locations. It is important
that the minimum and maximum independent table values include all ranges of the
vehicle and that the first and last data points correspond to the minimum and maxi-
mum values.

For bivariate tables, see Section 5.2.1.16.

A discussion of all of the inputs is broken up into three sections, 5. 2.1 - Dynamics,
5.2.2 - Guidance, and 5.2.3 - Operational. These quantities are discussed by block.

5.2.1 Dynamics

The inputs to the dynamics blocks include all phase-dependent vehicle data and all the
physical environment data.

5.2.1.1 The integration step size for dynamics (6t) is input small enough so that the
accuracy of the simulation is not impaired. If it is made too small the simulation may
deteriorate in accuracy due to roundoff errors as well as consume excess computer
time. It is desirable to have the §t one-fourth or less of the guidance step size (At)
for more realistic simulation. A &t equal to about one-tenth of the period of the sys-
tem has been found satisfactory.
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5.2.1.2 The pitch position gain (Kg) and the pitch rate gain (Kg) determine the rate
for nulling out the pitch error signal. The ratio Kg/Kg should always be equal to 1/6t
or less.

5.2.1.3 The yaw position gain (sz) and the yaw rate gain (sz)) determine the rate for
nulling out the yaw error signal. The ratio K zp/ Kll; should always be equal to 1/6t or ]
less.

5.2.1.4 The roll position gain (K $) and the roll rate gain (Kd',) determine the rate for
nulling out the roll error signal. The ratio K ¢/ K(;’ should always be equal to 1/6t or
less.

5.2.1.5 The table for specific impulse vs atmospheric pressure (gISP vs P) is a func-
tion of the engine being simulated. The ISP values are multiplied by g before entering
into this table for scaling purposes.

5.2.1.6 The table for mass flow rate vs expended mass (M vs fM) is a function of the
engine being simulated.

5.2.1.7 The perturbation in specific impulse (Pigp) is used to modify the table values
in Section 5.2.1.5 and is normally set equal to 1. 0. This input can be used to check
the effects of a non-nominal engine.

5.2.1.8 The perturbation in mass flow rate (Pgy,o) is used to modify the table values
in Section 5.2.1.6 and is normally set equal to 1. 0. This input can be used to check
the effects of a non-nominal engine.

5.2.1.9 The mass at the end of a phase (MES) is usually set equal to the dry weight of
the vehicle. For phase 1 through 4 the MES is used to end the phase when the vehicle |
mass (Mg - fM) becomes equal to MES. On phases other than 6 and 8, cutoff occurs

when the velocity criteria is achieved and care must be taken to avoid using the stage

past its expendable mass. Phases 6 and 8 are ended on a time criteria.

5.2.1.10 The initial mass of the vehicle (M) includes the dry mass and the expendable
mass and the initial mass (except for cases of special start input) is only used in phases
1 through 5. All other phases assume a restartable engine and the end mass of one
phase becomes the initial mass for the next phase.

5.2.1.12 The maximum angular rate limit (ﬁj) is used to simulate the limits on the
engine gimbals by limiting the error angle commands ®'gcr Ve ¢'EC). The rate
limit is therefore the product of 8, and the ratios of K /K-, K ;K', and K /K",
respectively. ) g0 Y ¢ ¢

5.2.1.13 The table of center of gravity vs mass (C, vs M) is a function of the vehicle
simulated. The Cg values are the distances from the reference vehicle station up to
the center of gravity.
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5.2.1.14 'The effective drag area (8) is a function of the vehicle simulated.

5.2.1.15 The table of axial drag vs Mach number (C A VS RV) is a function of the
vehicle simulated.

5.92.1.16 The table of normal drag vs Mach number and angle of attack (Cy vs Ry, a)
is a function of the vehicle simulated. These bivariate tables can be input in a simpli-
fied form from the generalized input sheet format. For a constant CN, one can use the
first computer address for the CN table to input a "zero," "comma, ", "constant CN" as
follows:

LOCATION oP
1 718 11 |12

R DEC 0, CN (constant)

(Initial
table
location)

A regular table of Cy values can take the following form where only the initial table
location is used and continuing data put on cards with "DEC" in the Operation columns
(OP).

LOCATION oP DATA
1 718 1112 i
R----- DEC 1, al, az, ey aN, R

DEC RVl’ CN (al, RVl)’ CN(az, RVl), cens CN(aN, RVl)

DEC sz, CN(al, sz), CN(az, RVZ)’ cees CN(aN, sz)

DEC .

DEC R M’ CN(al, RVM , CN(aZ’RVM)’ cees CN(aN, RVM)

There are a maximum of 80 table entries for phases 1 through 5 and a maximum of 60
table entries for phases 6 through 9. For each Ry, there should be as many CN
entries as there are ay entries. This allows some flexibility not provided for on the
input forms provided with the program.

The table of center of pressure vs Mach number and angle of attack (Cp vs Ry, @) is a
function of the vehicle simulated. The C values are measured from the reference
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station for the vehicle up to the center of the pressure point. The (Cp vs Ry, a) table
can be input in a similar manner to the (CN Vs Rv, a) table above.

5.2.1.17 The tables for North Wind vs Altitude (H) and East Wind vs Altitude (H) are
set up on the basis of existing knowledge of the planetary atmosphere. Combinations of
North Wind and East Wind through the perturbation constants, (NFLAG) and (EFLAG)
can yield any winds desired.

The Wind Flag (WFLAG) is used to select the winds desired and the constants for per-
turbing North wind (NFLAG) and East wind (EFLAG) are used to multiply table values.

WFLAG =0 means no wind effects
WFLAG =1 means East wind only
WFLAG =2 means North wind only
WFLAG =3 means both winds together

5.2.1.18 The coefficients for the 2nd, 3rd, and 4th harmonics of a planet's gravita-
tional potential (J g H,, D,) are based on the knowledge of the planet's gravitational
field. The present va%ues or Earth are Jg =.162345 x 10_2, H,=.575% 10'5,

Dg =,7875 x 10-5, For Jg = Hg = Dg =0, a uniform spherical gravitation model is
obtained.

The parameters of equatorial radius (ae), the ellipticity (e), the gravitational constant
(GM), the planet's rotational rate (f2), the altitude at the end of the sensible atmos-
phere (Hg), gravity (g), and the range coefficient (Rc1) are all dependent on the knowl-
edge of the planet's physical characteristics. The R is usually input as the radius
of the reference sphere in units of nautical miles or kilometers since it is used for edit
purposes only in the computation of range from the launch site to the vehicle along the
reference sphere,

5.2.1.19 The atmospheric flag (ATMOPT) is used to determine the atmospheric
routine to be used in the simulation. ATMOPT = 0 selects a detailed atmospheric
model for the Earth with the output in English units only. ATMOPT = 1 selects an
exponential atmospheric model requiring the input of the sea level density (p ), the sea
level pressure (PO), the speed of sound (CI), and the atmospheric constant I).

5.2.1.20 The initial conditions of the vehicle for launch from a planet are determined
by the geodetic launch latitude, \1,, the geodetic launch longitude, K1, the astronomical
launch latitude, Ay 4, the astronomical launch longitude, pya, the trajectory azimuth,
\L’p, the vehicle height above the reference sphere, Hy, and the geodal separation, Nj.
The above quantities place the roll axis of the vehicle along the local vertical, the yaw
axis normal to the roll axis and in the trajectory plane and the pitch axis perpendicular
to the trajectory plane as shown in Figure 3. 1. 3.

.5.2.1.21 Coast Periods

The coast periods (Phase 6 and Phase 8) are defined by the T5 and T 7 inputs, respectively.
These inputs specify the duration of the phase.
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5.2.2 Guidance

The inputs to guidance blocks can be subdivided into four main types of guidance schemes.
There is the zero angle of attack steering (B*), the 15, Q, R velocity polynomial steering,
explicit guidance, and trim curve fit steering. The explicit guidance inputs and the trim
curve fit steering inputs are "j" dependent in which different inputs can be made for each
"jn. There are many "j" dependent inputs on the input forms which will never get used
but were left in for consistency.

5.2.2.1 B* Inputs

The inputs of T1, T3, T4, and Ky are used to shape the trajectory of the vehicle in
phases 1 through 3 when option OP0123 is set equal to 0. T jcountrols the time to begin
pitchover. Kcontrols the pitchover rate by commanding a constant qa. The selection
of Kg is influenced by the structural limits of the vehicle where da is a measure of

the stress placed on the vehicle. T3 is used to end pitchover and begin zero angle of
attack. T4 signifies the end of zero angle of attack steering and beginning explicit
guidance.

5.2.2.2 P, Q, R velocity polynomial steering (Block PSITH)

The B, Q, R steering is used in phases 1 through 3 where a trajectory is already
shaped and the velocity profile is available. To go from S* to an equivalent 15, Q, R
trajectory is made fairly easy with this program. While running a g* shaping run with
PROPT = 1 for full 13-line print the parameters for curve fitting are all supplied for
the input 8., value. A 3rd order curve fit of ﬁa (independent variable) vs Qa (dependent
variable) for obtaining the K53 to K5 6 values to the following equation:

. . .2 . 3

Q, = Ky + Ky R) + Kys @)+ Kyg®,)

A 3rd order curve fit is also made of R, (independent variable) vs a3 (dependent vari-
able) for obtaining the K58 - K6 1 values to the following equation:

. .2 .3
= +
a, =K o+ K ® )+ KR ) + K ®)

The values of R§TOP1 and RSTOP4 are set equal to the values of Ry at Tq and Ty
respectively. The values of K59, K53, and K52 are guidance gains and are selected
to provide a smooth response. Typical values for these gains are Kgq =-0. 002,
Ksi = 0, Kgg = 0.002. Note that K50 has a negative input value.

5.2.2.3 Explicit Guidance
The input for explicit guidance is the most difficult of all the guidance schemes due to
the various options. Explicit is available from T4 to T5 orj=1, 2or4, from T6 to T7
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or j =7, and from Tg to Tg or j = 10. T4 is determined by input with g* steering or
by Ra reaching the R§TOP4 input value with P, Q, R steering. Tg and Tg are deter-
mined by one of three criteria whichever occurs first.

The first of the Tg and Tg criteria is based on time such that when integrated time (t)
reaches the input values of Tg and g the criteria for Tg and Tg are satisfied. It should
be noted that 1'g and T'g must be made greater than tg and g, respectively or else Tg
and T8 are not looked for by any of the three criteria.

The second criteria for Tg and Tg is that of the vehicle reaching an inputted radial
distance (rgx) within an inputted e TR value in time

r - T
EX
% <<1p)

The value of rgx for T6 is inputted inj = 7 and for T_ is inputted in j = 10.

8

The last criteria for Tg and Tg is that of the vehicle's unit position vector (U,) becom-

ing perpendicular to an inputted unit vector (UEX) within an e TRA value in time

(Ur . UEX)i (At)

( <€ )
- o = - TRA
(Ur' Upx)i-y ~ U, Uex)

The unit vector ﬁ X for T

E is inputted in j = 7 and for T

in j = 10.

6 8

Typical values of e TR and e TR have been 10_4 seconds for programs that have been
run in the past.

Thrust is begun after reaching Tg or T7 and the MTG input is used to perturb the
thrust at this time. Similarly, after reaching T8 or T9 a MTS input is used.

9.2.2.3.1 Aim Point Conditions (Blocks HA4A and HA4B)

There are two types of aim points available in explicit guidance. There is the inertial
target point which remains fixed in inertial space (Block HA4A), and there is the planet
fixed target point which revolves with the planet in inertial space (Block HA4B). The
inertial target point is selected by making FATM; = 0 and the planet fixed target point is
selected by making FAry; = 1. The inertial target point is entered as the (i, j, k)
components of the aim point vector (ﬁA-). The planet fixed target point is entered in
cylindrical coordinates (Cq, Cy, Cg) where C; is the projection of the aim point on the
X-~Y plane, Cj is the angle in the X-Y plane from the X-axis to the projection of the
aim point on the X-Y plane measured in the direction of Q at t = 0, and Cj is the pro-
jection of the aim point on the Z-axis. An estimate in the time of flight (Toj) should
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be put in. This input is not critical since it will iterate to the correct value, and the
value of Toj can be updated on successive runs from the iterated values.

5.2.2.3.2 Vg Computation (Block HAS)

The form of explicit guidance programmed requires an initial estimate of,P;, the
semilatus rectum be put in. For constant flight path angle restraint runs the value of
p, can be found from
J -
rr, c-1)

p. = _
j r(c+stan Kyj) r,

For constant time of arrival constraint, it is recommended that runs be made first
with the flight path angle restraint until one approaching the desired time of arrival
constraint is obtained. The P; from the constant flight path angle restraint run can be
used for the constant time of arrival constraint run.

A unit vector, Ew., perpendicular to the desired trajectory plane and positive in the
sense of r X v is rlequired in this block.

When the range angle from the vehicle to the aim point gets too small (s <eg) then
several of the computations have to be avoided to prevent indeterminate solutions. A
typical value of e g has been 10-3. It should be noted that when the range angle ap-
proaches 7 radians that the value of s becomes small and that, if possible, it is
desirable to select aim points that are not near zero or 7 radians away from the boost
vehicle.

The gravitational constant (Kj = /' GM) and its reciprocal (Kr]. = 1/K,) must be inputted
for the central body involved. ]

If the trajectory plane is one of the basic criterion of the mission, then e, should be
made equal to 1. However, if hitting the aim pvint is one of the basic criterion then e
should be made equal to some small value like 1073,

A constant Ky is an input that allows one to modify the Vg vector. The value of Kyg
is nominally equal to 1. However, for deceleration phases it may be set equal to -1
to maintain proper steering commands.

5.2.2.3.3 End Point Restraints (Blocks HA6A and HA6B)
There are two types of restraints at the aim points available in the explicit guidance
programmed. There is the restraint on the time of arrival (Fcon; = 0s Block HA6A),

and restraint on the flight path angle (Fcon; = 1; Block HA6B). Tﬂe flight path angle
restraint is the easier to use and is recomn*lended over the constant time of arrival
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constraint. Even when the time of flight is to be specified it is desirable to use the
flight path angle restraint to obtain the approximate constants necessary.

For Block HA6B the desired flight path angle is specified through the Ky. input where
the angle is measured from the horizontal plane (plane perpendicular to {he aim point
vector), positive in the direction of the aim point vector. The values of K13 and Kq4
are curve fit quantities and are evaluated as follows. A trial run is made with

st
]

K =
13, 2
j rA(l - ¢) cos K’Y.
J
=0 .1 -8 q _ .10 A h ori int th ir
K4, =0, €y = 0 " an €p =10 . t each print point thequantities pj, pi-1, ‘YAi,
YA 1 and s are obtained with PROPT = 1. Making a plot of
1—

P, - Pi_q) e
WA, _YA, )
i i-1

one can obtain an approximate straight line solution where K13, is now made equal to
the intercept of this line and the s = 0 axis and K14 is made eqlxal to the slope of this
line. j

For Block HA6A, the time of arrival at the target is specified by the TA. input. From
an approximated constant flight path angle restraint run an initial value of TQ, can be
found as well as the K13j and Ky4; values. A plot of (pj - pj_1)/(Tj - Tj-1) V5 p is
made and an approximate straight line solution obtained. Similarly, the K13, value is
made equal to the intercept withthe 8 = 0 axis and the K14, value is made equal to the
slope of this line. By setting the €= 1078 and ip = 1010 'we obtain the smoothest
trajectory.

5.2.2.3.4 Explicit Cutoff Option

During the use of explicit guidance, an input (FpRiM) is provided such that it is possible
to use explicit guidance past the normal velocity cutoff point. This allows the vehicle

to gain additional velocity towards the aim point where the ultimate goal is to achieve
circular speed near the aim point. FTRIM is set to 0. for the normal velocity-to-be-
gained cutoff and is set to 1. for not using the velocity cutoff.

The velocity cutoff occurs when the time to reduce ”\Zé to zero becomes less than or
equal to evg'
IV - T | |at].
g vg'i i <
-jlv -u_ |
g vgl

When ——= p— cutoff occurs.
v .u_ |
g vg'li-1
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The vector Uvg is a unit vector along the initial direction of V, each time a new
guidance scheme is used. A typical value for ey, has been 1073 seconds. When a
velocity cutoff occurs in Phase 4, Phase 5 is skipped and Phase 6 (the coast phase)
is entered directly.

5.2.2.4 Trim Steering (Block HAT)

Trim steering is a form of curve fit guidance and is available from T5 to TES5 or j =3
and/or 5, from Tq to TES7 or j =8, and from Tg to TES9 or j = 11.

The critical time points (T5, T7, Tg) are determined by the first of the following
criteria reached. The first criteria is satisfied when the radial distance of the vehicle,
r, is within eTR in time of the inputted value, rTR;. (TR; - r/r < epg). The
second criteria is satisf_ied wheE the _yehicle is Xvit ir_l_ €TRA in ti_r_ne oi a plane defined
by the inputted vector, Urg, [(Up - Urp)iAti/(Tp + UTR)i-1 = (Or - UTR) < eTRal

T, and T9 also have an addi];ional criterion which is satisfied when the inputted values
of i and T§ are reached respectively.

The trajectory plane is defined by the unit vector, U ., which lies along the desired
T x V vector. The desired inplane quantities of radig.vI] distance, radial rate, and
tangential rate are each curve fit as a function of time as shown in Block HA7. These
curve fits are thus formed as follows:

For radial distance
2
= + +
r (t) [ARCJ- BRCj(t) CRCj(t) ]
For radial rate
. 2
r ) = [Agnp. T Brp. () + Cxp. (t
M [ RD; RD]() RD]() ]
For tangential rate
. 2
(V) () = Vsiny = [ARVJ- + BRVj(t) + CRVj(t) ]

The best use for trim steering is for final guidance into a circular orbit. For the
circular orbit ARC, is set equal to the desired orbital radius, ARV, is set equal to the
orbital velocity and all the other quantities are set equal to zero.

The values of K5, and K. are varied until a smooth trajectory is obtained and the
desired end conditions ard obtained.
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5.2.2.5 Steering Block (HS1)

The steering block generates the vehicle attitude commands from the velocity-to-be-
gained, V_. In this block are inputs for the guidance loop gains with k2 and k4] the gains
for roll and pitch, respectively and kq: and k5] the rate damping gains for roll and

pitch, respectively. In addition to the loop gains, there are input curve fit quantities
(Ag, Bg, Cg) that are used to improve the steering errors. The Uk quantities computed
from Ag, Bg, Cg are used to compensate for gravity which tends to turn the vehicle.
Except where extremely accurate cutoff must be simulated, these quantities (Ag, Bg, Cp)
may be set equal to zéro. (Nominals generated for performance assessment do not
require the §k values.)

The K, 1k, KaUks Ky1k, KyUk values are used to specify limits on the gimbal angles
and gimbal angle commands when simulating actual vehicles and IMU's. For purposes
of developing nominal trajectories for performance assessment, it is sufficient to set
the Kg 1k and Kyyk values to - 7 and the Ko Uk and Kyyk values to +m for k = 1,2, and 3.

For orientation steering (Block HS2), the Ag, By, Cq values can always be set equal
to zero.

5.2.2.6 Special Start Input (Block H-Start)

There are special start inputs required when beginning a run in a phase other than
Phase 1. Some of these (R10016 to R10040) are common to all of the phases except
Phase 1 and others (R10041 to R10062) are necessary depending upon the particular
phase. The inputs are used to initialize the run at the beginning of the desired phase
for rerunning a portion of a previous run or to generate nominals with guidance schemes
only available in certain phases. For rerunning a portion of a previous run, part of the
data required is printed out in octal form at the beginning of each phase. (See print

key in Section 4.1.4.) When inputting octal data, it is necessary to replace the opera-
tion "DEC" in columns 8 to 11 by the operation "OCT™".

The input quantities that are required for beginning in any phase except Phase 1 are
startmg fractional part of time (t), starting mass (M), the startlng position X, Y, 2)
ini, j, k coordinates, the starting velocity (X, Y Z) in1, j, k coordinates, the start-
ing gimbal angles (ap1, aya, ozRo) the starting atmospheric trlgger (0. =in, 1. = out),
the starting integrated thrust (fax, JaY, Iaz) the starting "j" number, the starting "k"
number, the starting phase number and the starting whole part of time (QBIAS). The
QBIAS input is normally the whole number of seconds in the total time and the "t" input
is the fractional part but the total time value may be input as "t" with QBIAS equal to
zero. The input of "j" and "k" are determined by the phase and guidance scheme being
used as discussed in Section 5. 1, 1.
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For beginning in Phases 2 or 3, it is also necessary to input the Tg flag (0 = after T3,

1. =before Tg), starting "f" number, and Ty trigger (0 = before T, 2. = after T,),

and line 13 printout trigger (0 = no line 13, 1. = line 13). The /" number input depends
upon the guidance at the beginning of the phase and is 0. before T4, is 1. from Ty to
T, and is 2. from T3 to Ty. For the above "f" numbers, "j" must be set equal to 0.
For "f" equal to 0. or 1., the T3 flag should be equal to 1. and for " equal to 2.,

the T3 flag should be equal to 0. The T, trigger should be set equal to 0. when "y"
equals 0. and set equal to 2. when "f" is equal to 1. or 2. It is desirable to have line 13
of the full print (PROPT = 1.) printed out during the interval before T, and therefore
the trigger should be set equal to 1. for j =0 cases and set equal to 0. when j = 1.

When beginning the run in Phase 5, it is necessary to set the Ty trigger which indicates
whether or not Ty has been reached (0 = before Ty, 1. = after T5).

When beginning in Phase 6, it is necessary to set up to end time of the coast phase by
the TES6 input.

When beginning in Phase 7, it is necessary to input values for Ty, T, and T trigger.
Tg indicates the time for beginning explicit guidance and is similar to the normal T¢
input. T, indicates the time for beginning of trim curve fit guidance and is similar to
the normal Tg input. The Tg trigger is used to indicate whether or not explicit guidance
will be used during the phase (0. = explicit guidance, 1. = no explicit guidance). A T6
input of 1. means that T6 is not looked for and that trim curve fit guidance is to be used
at T7.

When beginning in Phase 8, it is necessary as in Phase 6 to set up the end time of the
coast phase hy the TES8 input.

When beginning in Phase 9, it is necessary as in Phase 7 to set up the times for begin-
ning of explicit guidance, Tg, beginning of trim curve fit guidance, Ty, and the trigger
for determining the use of explicit guidance, Tg trigger. (0 = explicit guidance, look
for Tg, 1. = no explicit guidance, do not look for T8.)

5.2.3 Operational

These are inputs for setting up the program in the computer. The inputs that are used

to identify each run are the General heading, the heading to identify the inputted dynamics
tables, and the run number. The inputs to determine the length of the run are the number
of powered phases, the final phase for cutoff and the final time for cutoff. The number

of powered phases causes the run to halt at the end of the phase of the inputted number.
The final phase for cutoff input causes the run to halt after the initialization of the phase
number inputted. This halt condition is used when it is desireable to continue the run at
a later time since all of the parameters necessary for special start are made available. ‘
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The use of this halt also requires the input of data for the inputted phase number in
order that the initialization can be performed. The final time for cutoff condition
causes the run to halt when the integrated time reaches the inputted time and is com-
pletely independent of phases and critical time points.

There are two inputs that are used jointly (PROPT and NOR6PT), depending upon where
trajectory shaping is being done or the nominal is being generated. For trajectory shap-
ing, the full printout of the parameters except the state transition matrix is desired, thus
both PROPT and NOR6PT are set equal to 1. The PROPT = 1. also prevents a tape from
being written. For the nominal run, the PROPT input is set equal to 0. which provides
the data necessary for performance assessment. The NOR6PT input can be set to 0.
also and cause the state transition matrix to be computed and printed out. A NOR6PT
input of 1. with the PROPT = 0. causes an identity form of state transition matrix to be
printed out. Whenever the state transition matrix is printed out, the same data is also
put onto tape unit number 2 and a blank tape should be mounted on this tape unit.

There are also inputs to improve the output format such as a conversion constant
(CONVCN) which is a scalar multiplier for the velocity (X, Y, Z) and position X, Y, Z)
terms in the printout. The number of prints per page (KNPPP) determines the time
points put on a printout page. The print used with trajectory shaping (PROPT = 1.) works
best with 4 prints per page and with the nominal (PROPT = 0.) works best with 5 prints

per page.

The printout interval (AP) should be made a multiple of the guidance step size (At) such
that AP = n(At) and the print interval on tape (AP'") should be made a multiple of the
printout interval such that AP' = n(AP).

A random Euler angle conversion matrix [A] is provided for information purposes only
at the beginning of each run. Six rotations are allowed with the axes specified by the
"u" input with 1 representing the X-axis, 2 representing the Y-axis and 3 representing
the Z-axis. The angles of rotation are specified in degrees, minutes, and seconds by
the "a" input. For example, the matrix [A] defined by the product

1 1 0 cos B O -sin B cos C sin C 0
0 cos A sin A 0 1 0 ~-sin C cos C 0
0 -sin A cos A sin B 0 cos B 0 0 1

can be found from the following input.

R1203 DEC 2., 2., 1.
R1211 DEC C(DEG), C(MIN), C(SEC), B(DEG), B(MIN), B(SEC), A(DEG), A(MIN), A(SEC)

These rotations may be taken in any order desired.
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5.3 SPECIFIC EXAMPLES

The nominal trajectories to be discussed were generated for performance assessment
purposes. It was desired to generate a representative boost trajectory for the follow-
ing missions:

1.  Injection from Circular Orbit at Earth into a trajectory to Mars (5.3.1)

2. Deboost into a Circular Orbit at Mars (5. 3. 2)
Boost into Circular Orbit at Mars (5. 3. 3)
Trajectory Change at Mars (5. 3.4)

Midcourse Correction (5. 3. 5)

(o2 BN S B A

Deboost Prior to Earth Re-entry (5.3.6).

Included with Program 118.0 are copies of each of the above listed nominals. The
section numbers in the parenthesis above indicate where the development of that
nominal is discussed.

5.3.1 Simulation of Boost From a Circular Orbit about Earth into an Interplanetary
Trajectory

PURPOSE

The purpose of this study is to simulate a boost trajectory from a 100 n. mi. circular
orbit about Earth into a given interplanetary trajectory to Mars.

INTRODUCTION

The desired hyperbolic trajectory (A) was specified by the impulsive injection condi-
tions from the circular orbit. In order to boost from the circular orbit into this given
trajectory (A), it is necessary to match the conditions of radial distance, velocity, and
flight path angle simultaneously at some point along trajectory (A) with the boost
trajectory (B) at burnout.

PROCEDURE

First, a time history with r, V, and Y is generated for trajectory (A) by Program
118.0 using the coast phase 6 and beginning with the impulsive trajectory conditions.
To use the coast phase for obtaining a time history, an integration step size of 2 sec-
onds was used and a print interval of 2 seconds was used up to 300 seconds. The 300-
second duration was based on the expected burning time to go from circular speed to
hyperbolic speed.
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Near optimal boost is obtained by placing the thrust along the velocity vector. This
can be accomplished in Program 118.0 by using 8* steering in Phase 3. Developing
a trajectory to match the r, V, and y of trajectory (A) in the equatorial plane allows
the trajectory to be shaped by changing the value of Q. With 1 =0, a time history of
r, V, and Y for,a powered flight trajectory is made beginning at X = orbital radius,
Y=2Z=0, X=2=0, Y = orbital velocity and Ay, =X, , =00, By, =0, Bpa =900,

Wp =900, The above is repeated for various values ngTl upto Q= Vo/ro.

A plot is made of r vs. V for trajectory (A) and the perturbed powered flight trajectories.
This plot is made on expanded scale such that only the intersections of the trajectories
are shown. The value of Y, (flight path angle on trajectory A) at the intersection of
trajectory A and the powered flight trajectories can be interpolated as well as YB

(flight path angle on powered flight trajectories).

A plot of ¥ A V8- (1 and Y, vs. 1 is then made where the intersection of these two curves
decides the value of {} that will provide the desired powered flight trajectory where r,
V, and Y will match that of trajectory A. Using the value of Q found above, a powered
flight trajectory B is run and a third-order curve fit of Q vs. R and ag vs. R is made.

An interpolation of the velocity and position at the intersection of trajectory A and
trajectory B is made where the velocity and position of trajectory A is designated Va
and ¥,, and the velocity and position of trajectory B is desig'nated VB and r v A
and rp are in the desired coordinate system and Vg and rB are in the coordinate
system used for convenience. The following equations are used to place the initial
point of trajectory B for coincidence with trajectory A at burnout and set up the
reference body axis.

Pend -
- VA X rA
1. U
S | A
YA A
T
- A
2. UAR "1 A
P~ 3 " 3 all
3. Uy =Uyg XU, 0
4, M. 1=| U U U 7]
1 AVy AV, AV,
U U U
ARy AR, AR,
U U U
AFy AF, AF, |
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PIZ
o
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18. y =tan -m<y <m
P P

A check of the results can be made using again Phase 3 of Program 118.0 with the
curve fit steering option of OPO123. The Rgropg must be set so that T4 occurs at
the intersection of trajectory A and trajectory B.

CONCLUSION

A test case provided a match of 0. 535 fps in V and 11.08 arcseconds in Y. The
components at the cutoff point were as follows:

f(ft) X (km) Y (km) Z (km) V (@ps) X (km/sec)
Free Fall 22323370, 4584.9128 -3411.8570 -3692.5181 38186.614 9.9645575
Powered 22323370, 4579.4113 -3415.4803 -3695.9911 38187.149 9.9712079

A 0 5.5015 3.6233 3.4730 -0.535 -0. 006504
Y (km/sec) Z (km/sec)
Free Fall 3. 30580 5. 0252319
Powered 3.2948691 5. 0195976
A 0. 0109329 0. 0056343

The accuracy of the match depends on the interpolation and curve fit obtained.
5.3.2 Deboost into a Circular Orbit

PURPOSE

The purpose of this study is to simulate a deboost from a hyperbolic trajectory irto
a circular orbit.

INTRODUCTION

Given the hyperbolic trajectory conditions for an impulsive maneuver to achieve a
circular orbit at closest approach, it is desired to simulate a deboost maneuver that
will achieve the same orbit. This maneuver is accomplished by applying the thrust
against the velocity vector until the vehicle is near the desired orbital radius where
terminal curve fit guidance is used until circular orbit is achieved.
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PROCEDURE

It is first necessary to obtain a time history of the incoming trajectory from which an
initial deboost point can be selected. The time history of the incoming trajectory is
obtained by reversing the velocity vector at closest approach and using the coast phase
of the booster simulation. The coast is allowed to run for at least the estimated
burning time.

An initial deboost point is chosen at a point along the incoming trajectory slightly less
than the estimated burning time away from the closest approach point. Deboost is
then accomplished in two phases. In the first phase, thrusting is made against the
velocity vector to bring the speed of the vehicle down near circular speed near the
desired altitude. Orbit is then achieved using the curve fit guidance mode.

The thrust force is reversed by making the KREV = -1, and the vehicle is initially
aligned along the Vfalocity vgctor by the inputs of Ay, Ay A, H1s BLA> ¢p, a, com-
puted by the following equations

_ ¥ =  Ixv. = = =
o ROo % PIo

where V is the initial velocity vector, T is the initial position vector.

A = A = sin_lR M = tan-1 ROYO m 0, ¥ tan-l PIZO
L~ "“LA 7 0Z; - ; BRI Z
o’ "LA Rox, = 'L P YAz,

@ =0
o

The vehicle is kept aligned with the velocity vector by using the * guidance in Phase 3.
Several deboost runs should be made with different initial points along the incoming
trajectory until a run is obtained where the velocity at the orbital radius is slightly
above orbital speed. There must be enough excess velocity at the orbital radius to
allow the guidance system sufficient time to achieve the proper conditions when orbitai
speed is reached.

In order to go from B* steering to time curve fit guidance, it is necessary to go through
the following critical time points:

1. Ty
2. TES3
3. Tg.
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T, is input at the point where 8* steering is to end and TES3 is made to occur immedia-
tely after by the MES3 (mass at the end of phase 3) input. MES3 can be computed
knowing the mass flow rate and the time at T,. Ty is made to occur by use of the rrg
input which is set a foot beneath the radial distance at T4. It is desired to skip from
T4 to Ty and by making the proper MES3 and rrR inputs, the vehicle will not have
moved appreciably during this interval. One other problem exists in between T4 and
T5, and that is the explicit guidance computations must be satisfied to prevent a
computational fault from allowing the run to continue on the computer. It was found
that the following conditions allowed the run to be completed.

EA = closest approach point

Fatm = 0 Feon = 1
UTRr = r/r where T is the position vector at Ty

1
2
3
4. Py = r circular
5. Kig = Ky =0
6

. Constants of T = I'oioutar: r =0, = Vﬂl;clﬂa are used for the trim guidance

phase. The ﬁw input is made equal to r x ¥/|T x V| where ¥ and ¥ are the initial
position and velocity vectors on the desired circular orbit.

INPUT

The following input must be completed to obtain the incoming time history:
1. Operational data
2. Nominal trajectory data
a At, 6t for Phase 6
b. number of powered phases
c. final phase for cutoff
d. final time for cutoff
e. special start parameters for Phase 6 (j =b, k = 1, phase = 6)
3. Vehicle data (phase 7 data only)
4. Physical environment data

This run is ended by the final time for cutoff parameter and the print option (PROPT)
. is set equal to 1 to obtain the desired history parameters.

5-23



AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION <§§$ .

The final input must be completed for the deboost phase:

1. Operational data

2. Nominal trajectory data
-3 I
a. €TR® €vg’ s 10 , ¢, = 1.0 (other criteria not required)
j-dependent inputs for j =1, 2, 3, as required (for j =1 and 2,
see blocks HA4A, HA5, HA6B, and HS1; for j = 3, see blocks
HA7 and HS1 from Memo LA-3127)

c. Phase 3 and 4 data for phase-dependent inputs
d. Special start parameters for Phase 3 (112, j =0, k =1, phase =3,

BETTRG = 0).
e. Number of powered phase, final time, phase for cutoff
f. Launch conditions.

3. Vehicle data (Phases 3 and 4 data only)

4. Physical environment data
5. Guidance data
Ty

Explicit guidance data for j =1, j = 2; see blocks HA4A, HAS,
HA6B, HS1

c. Trim curve fit guidance inputs for j = 3 (see blocks HA7, HS1).
CONCLUSION
The method described above provides a nominal deboost trajectory for an incoming
vehicle on a hyperbolic trajectory into a given circular orbit. The results of the test
case provided a circular orbit with an eccentricity of .0012 which could have been
improved further with more trajectory shaping.

5.3.3 Simulation of Launch from Mars into a Circular Orbit

PURPOSE

The purpose of this study is to simulate a boost trajectory of a launch from the surface
of Mars into a circular orbit about Mars.

INTRODUCTION

The launch from Mars surface has some similarity to a launch from Earth's surface
except for the atmospheric effects. The trajectory consists of a vertical rise to .
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clear obstacles followed by a pitchover period, a zero gravity period, a coast period
and a curve fit guided maneuver to achieve final orbit.

PROCEDURE

The launch from Mars into a circular orbit required use of Phases 1, 4, 6, and 7 of
Program 118.0. Phases 2, 3, 4, and 5 were unnecessary and were skipped over by
the input values.

The run was begun with a 10-second vertical rise phase and then a maximum pitch
over phase. The pitchover is controlled by K, and is set up so that qa for the vehicle
is not exceeded. For a launch on Mars with the vehicle simulated, it was necessary
to have a coast phase since the vehicle would have too much energy for circular orbit
if powered continuously. A test run is made to find a point (A) where the vehicle has
the energy to reach an apogee slightly above the circular orbital radius and has a
flight path angle near 70 degrees. This apogee point is then made the target point for
Phases 2, 3, 4, and 5 and T4 is set to occur about 10 seconds prior to reaching point
(A). The end mass for Phase 1 is set to occur just after T,. Phases 2 and 3 are
skipped by making the beginning mass and end mass very close, making the ISP pert=0
and the flow pert very large. Phase 4 is allowed to continue on until cutoff on required
velocity occurs and Phase 5 is automatically skipped. Phase 6 is used until the vehicle
is out of the atmosphere and is controlled by the Tg input. The data is then set up for
trim guidance to begin when rpp is reached when rrpR is input as a value slightly less
than the desired orbital radius. Trim guidance inputs are made for r = orbital radius,
r =0, and rv = orbital velocity. The final result is the circular orbit desired.

In order to make use of explicit guidance, it is necessary to evaluate p,, K%3-, and
K14i- The easiest procedure is to initially make K, a small value like 10° and

K14 = 0, and make "p" a roughly estimated value for the conic through the target
poiat and present position. From a trial run, it is then possible to evaluate K13 and
K14 and obtain a better estimate of p. (K13 + K145) is set equal to p; - pi—l/Yi - Yi-1
for several time points and then Kj3 and Ky4 are evaluated. A second trial will give
even better results.

CONCLUSION
On a trial case, the burnout errors were 1336 ft-in radius, 27.06 ft/sec in radial rate,
0.068 ft/sec in tangential rate. The eccentricity of the resulting orbit is 0.00244 which

gives a difference between apocenter pericenter of 60,000 ft. for a circular orbital
radius of 12323102 ft.
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5.3.4 Flyby Trajectory Transfer
PURPOSE

The purpose of this study is to simulate by a boost maneuver a given flyby trajectory
impulsive transfer.

INTRODUCTION

To match the effect of a given impulsive velocity flyby trajectory transfer with a boost
trajectory, the boost must be started prior to the impulsive correction and burnout
must occur when the conditions of time, position, and velocity match at some point
with the outgoing trajectory after the impulsive maneuver. For the vehicle simulated
and the amount of impulsive velocity used for the transfer, an estimate of the boost
time can be determined. This estimate is used to determine the lengths of time his-
tories of the impulsive velocity transfer trajectories necessary for boost matching.
Curve fit guidance is used for the boost phase which is accomplished in Phase 7 of
Program 118.0.

PROCEDURE

An incoming time history of the trajectory before impulsive maneuver is generated by
using the coast phase 6 of Program 118.0. The position and velocity just prior to
impulsive maneuver are propagated back along the trajectory by reversing the velocity
vector. This provides a time history of the incoming trajectory noting that all veloc-
ities and times are backwards. The outgoing time history of the trajectory after im-
pulsive maneuver is made propagating the position and velocity just after impulsive
maneuver. Both time histories are generated over a time period of the estimated
burning period. The parameters, r, ¥, rv =V sin Y of the outgoing trajectory are
curve fit vs. time for the curve fit guidance (Block HA7, see Section IV.2.1).

The initial point for the boost phase can be taken to be the point on the incoming tra-
jectory time history at the estimated burning time from impulsive correction. The
vehicle is allowed to coast and orient itself at the beginning of Phase 7 until the
selected T; (initiation of curve fit guidance) is reached. Powered flight starts at Ty
and burnout occurs when velocity-to-be-gained conditions are met. The selection of
T, will affect the accuracy of the match between the boost burnout and some point along
the outgoing trajectory from impulsive correction. A first guess at T, could be one-
half the estimated burning time from the impulsive correction along the incoming
trajectory. By changing Ty and the adjusting guidance gains, a satisfactory match be-
tween the boost burnout and the outgoing trajectory after impulse can be made. The
initial conditions can be set up from the initial position (¥) and velocity (V) of the run
from the following equations: ‘

5-26




AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION @Cfé

Vo= _ ixv = = =
R = -—"; P = ;7 Y Ry x P
Oo V] Io |Fxv]| Ao 0o * ¥
. -1 - ROYO
}\L = XLA = sin ROZO’ “LA tan ROXO ; "L = 0
¢ = tanL Prze T . ar™ Var
Yazo Ty Vil

where FAI and VAI are the position and velocity vectors just after impulsive correction.

o, is initially set equal to 0.

INPUT

The following input must be completed to obtain the time histories of the incoming and
outgoing trajectories for impulsive correction:

1. Operational data

2. Nominal trajectory data
a. At, 6t for Phase 6
b. number of powered phases
c. final phase for cutoff
d. final time for cutoff
e. special start parameters for Phase 6 (G =6, k =1, phase = 6)

3. Vehicle data (Phase 6 data only)

4. Physical environment data.

These runs are to be ended by the final time for cutoff parameter which should be the
estimated burning time. The print option (PROPT) should be set equal to 1. to obtain
a history of the desired trajectory parameters.
The following input must be completed for simulating the boost phase:

1. Operational data

2. Nominal trajectory data

a. evg (other criteria not required)
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b. K Ar Ky forj=1,8 (all other j-dependent and k-dependent inputs
not required)

phase 7 and phase 8 data only for phase-dependent inputs

d. special start parameters for phase 7 (j =7, k = 2, phase =7,
Tg trigger = 1)

d. number of powered phase, final time, phase for cutoff
f. launch conditions

3. Vehicle data (phase 7 and phase 8 data only)

4, Physical environment data

5. Guidance data (j =7, 9 data for trim steering only)
This run is ended by setting the final phase for cutoff equal to 8.
CONCLUSION

The method described above provides a satisfactory means for generating a boost
maneuver that accomplishes the same mission as the impulsive maneuver. The test
case resulted in errors at burnout of 36 ft. in radial distance, 5 fps in radial rate,
.05 fps in tangential rate, and 8 arcseconds in flight path angle.

5.3.5 Midcourse Correction

PURPOSE

The purpose of this paper is to describe a method for simulating a given impulsive
midcourse maneuver with a booster.

INTRODUCTION

After a space vehicle is launched from a planet, it will gradually drift from the nominal
path. A velocity correction can be made at some point to assure arrival at the tar-

get point on time. The velocity correction at some point along the actual trajectory

can easily be determined; however, it is not possible to make an impulsive maneuver
with a vehicle of any significant size. It is, therefore, necessary to generate a boost
trajectory which accomplishes the same results as the impulsive maneuver.

PROCEDURE

For a boost maneuver to match an impulsive maneuver, it is necessary for the burnout
point of the booster to lie along the trajectory generated by the impulsive correction.
In order that time conditions also match, it is necessary to begin boosting somewhere
along the incoming trajectory prior to impulsive correction.
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The time history of the incoming trajectory is obtained by taking the given conditions
just prior to impulsive correction and generate a backward free-fall trajectory. Free-
fall trajectories can be generated using Phase 6 of the 118.0 program with the following
input:

1. Operational data

a. general heading

b. heading for vehicle tables

c. number of prints per page =4
d. run number

e. NORGPT =1

f. PROPT =1

g. CONVCN =1
h. AP, AP' for Phase 6

2. Nominal trajectory data

®

number of powered phases = number of last phase used (7)
b. final phase for cutoff = 7
c. final time for cutoff (use estimated burning time)

d. At, 6t for Phase 6

e. special start time

f. special start mass

g. special start position

h. special start velocity

i. special start atmospheric flag =1
j. special start parameter j =6

k. special start parameter k =1

1. special start phase number = 6

m. special start TES6 (number greater than cutoff time)
3. Vehicle data for Phase 6 (all tables must be fitted)
4. Physical environment data

a. ATMOPT

b. P
0
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c. Rei
d. ag
e. €

f GM
g He
h. g

i. Po

J B1

k Ci

A sample of the input used for a free-fall trajectory is shown in Appendix A. The
estimated burning time is found by dividing the impulsive velocity correction by the
acceleration of the boost vehicle simulated.

A time history of the outgoing trajectory is obtained as above using the initial condition
just after the impulsive correction.

The boost trajectory for this mission was generated by aligning the thrust with the
impulsive velocity correction and obtaining a cutoff when conditions along the outgoing
trajectory are matched. This maneuver is accomplished by initially aligning the
vehicle along the impulsive velocity vector (V) with the inputs of Ay, ALAs KLy HLAs
{_, and @y. Using the initial launch position (r), the above quantities are computer
as follows:

v r xV
- _ g _ O . _ —
R =—8,; pp =—2>—& ; v, =Ry xPj
° vy °  Irox V| ° °

1 -1 Roy,
sin ROZ H ) = tan s Mo =0
L LA o LA Roxo L

-1 PIZO
vV = tan  ——
p -YAZ,

By setting the autopilot gains (Kg, Ky, Ky) equal to zero, no guidance scheme is
actually used to steer the vehicle. In order to sense when boost conditions match with
the outgoing trajectory, curve fit guidance which uses second-order curve fits of
radial distance (r) vs. time, radial rate (r) vs. time, and tangential rate (rv) vs. time .
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is used. This is done in Phase 7, j =8. The initial launch condition is first chosen
to be a point on the inbound trajectory approximately one-half the estimated burning
time from the impulsive correction point. The curve fit quantities required for the
guidance mode (see Appendix B for equations) are taken from the outbound trajectory
time history where rv can be computed from V sin Y. The values of K4 and Ky, as
well as the initial starting point, can be varied until the best match is found. The
input required to make this boost run is as follows: '

1. Operational data
a. general heading
b. heading for vehicle tables
c. number of time prints per page =4
d. run number
e. NORG6PT =1
f. PROPT =1
g. CONVCN =1
h. AP, AP' for Phase 7

2. Nominal trajectory data

a. €vg
b. Kotk =Kyixk=-T7

c. Kquk=KyUk =T =2

d. Kj, K forj =38

e. number of powered phases = number of last phase =8
f. final phase for cutoff = 8

g. final time for cutoff = 1. E20

he AL Mg B Bras Yp

i. At, 6t for Phase 7

j. Kg, qu' Ky for Phase 7

k. special start parameter t

1. special start parameter M

m. special start position vector
n. special start velocity vector

o. special start atmospheric flag =1

5-31



AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %)

p. j=8, k=2, phase =7
q. Tg trigger =1
3. Vehicle data for Phase 7 (all tables)

4. Physical environment data

ATMOPT
Po

c. Rep

d. ag

e. €

f GM

g Q

h Hc

i g

j Po

k. By

1. C;

5. Guidance data

a. U_ for j=8
w

b. ARC for j=8

c. Brgforj =8

d. Crcforj =8

e. Agp for j =8

f. BRD f’)I‘j =8

g. CRD forj =8
h. ARV for ] =8
i. Bgyforj=8
je Cry for j =8
A sample of the input used here is shown in Appendix C. For ease in running all

programs on Program 118.0, a basic data deck has been used consisting of data used
to launch a vehicle from a planet's surface into orbit and then into a second orbit.
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A run is then made by changing data where necessary, hence, the large amount of
input shown in Appendix C. The applicable data for this run is underlined.

INPUT DEFINITION

Operational data consists of appropriate tables, setting up of flags, and data necessary
for printing the output. The inputs of Nu and Alpha on the operation data input sheets
are not used at present in the program and do not necessarity have to have an input

for them.

The nominal trajectory data consists of criteria and special starting parameters.

The necessary nominal trajectory data for this run is listed above both for the free-
fall and the midcourse correction. The €vg input is used for determining when the
velocity-to-be-gained (Vg) criteria is met from Vg . ng/ lVl < Cvg (when burnout
occurs). (Vgj) is the initial value of Vg. The Ky1y, Ky1xk, and KYUk’ KyUk are the
lower and upper limits used to position and @1 and 3 values in the desired quadrants.
Kaj and KHj are guidance gains for the curve fit steering as seen in the equations of
Appendix B.

The vehicle data consists of parameters and tables by phase, which describe physical
characteristics of the vehicle being simulated. All tables for Phases 6 and 7 must be
filled out according to the input sheets supplied for Program 118.0. The input for the
bivariate tables, where the output value is constant, can be simplified by taking the
first address of the table and, in place of the fixed value of 1, substitute a zero, a
comma, and the constant value. For a normal bivariate table input, as shown on the
input forms, each space must be filled, even though it means repeating the last points,
until the table is filled. The table inputs must cover the proper ranges of the inde-
pendent variables in order to prevent any faulting for being out of range of a table.

The physical environment data consists of the physical constants for the central body
used in the simulation. The values of P, and p are sea level values of atmospheric
pressure and density in the simple planetary atmospheric model. For the Earth,

the more sophisticated atmospheric model may be selected, and the atmospheric
constants here are not needed. The Ry constant is the reference radius of the planet
being simulated and is used to calculate the surface distance travelled by the vehicle.

The guidance data consists of the curve fit constants shown in Appendix B and the

vector (U_) indicating the trajectory plane. The value of t__ is the time at the begin-

W m
ning of curve fit steering.

CONCLUSION

The Program 118.0 has many options and is very complex. There are other means
available to generate the midcourse guidance nominal with this program. The described
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method is believed to be one of the better ways of doing the job. The errors at
burnout for the test case were 42 ft. in position and .0034 fps in velocity.

5.3.6 Deboost Prior to Earth Re-entry
PURPOSE

The purpose of this study is to simulate a deboost maneuver slowing a vehicle from a
hyperbolic trajectory into desireable conditions for a lifting re-entry vehicle.

INTRODUCTION

A given incoming hyperbolic trajectory at Earth is used as initial conditions for the
deboost maneuver. Deboost is accomplished by directing the thrust essentially
against the velocity vector until the desired terminal conditions are reached.

PROCEDURE

First, we obtain a time history of the incoming hyperbolic trajectory using Phase 6
of Program 118.0. Estimating the time of deboost from the hyperbolic velocity at
the top of the atmosphere to the desired re-entry condition and the acceleration of the
boost vehicle, we select several initial conditions along the incoming hyperbola.

We now set up Phase 3 of Program 118.0 to use 8* guidance and reverse FD A- The
following conditions are also set up for each initial condition.

o

Xo = V0 cos Yo; S.(O = V0 sinYo; Z0 =0
xL=xLA=o°

By, = 05 By =0

bp = 90°

GM=gorg

g =r0-h0

e =0

Various runs are made with various values of (2 from zero to vo/ro. This provides
deboosting along the velocity vector for Q = 0 and slightly perturbed runs for other
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values of Q. By interpolating the value of the flight path angle (Y) and velocity at the
desired height for the various values of {2, we can obtain the velocity resulting at the
desired flight path angle at re-entry. With the same information from various initial
boost points, it is easy to find the initial point and Q value that will provide the proper
re-entry velocity and flight path angle. By making third-order curve fits of Q vs. R
and ag vs. R from the desired deboost run, we can now use the P, Q, R steering
mode in Phase 3 and begin at the initial point on the incoming hyperbola. The vehicle
must be aligned initially by the )‘L’ FL» LA LA ‘l'p values computed as follows.

Vo 1 - oxvo
¥ = —— = = in H P = H
Ro, =¥ 7 M, = hpp =80 " Roz s Py Ir xv)
o o
= O0 = tan-1 ROYO : ? = E xE 3
“L P Fra Rox,’ Ao~ "00™ I’
-1 Piz,
¥ = tan 3
AZ,
CONCLUSION

It is possible to match the conditions for many re-entry vehicle configurations with
the above method. The test case slowed the vehicle from 42,436 fps to 30,273 fps

at the re-entry altitude of 401, 346 ft. with a flight path angle of 6°19'. The desired
end conditions were 30,000 fps at 400,000 ft. altitude with a flight path angle of 6°.

The conditions obtained were considered to be satisfactory for the vehicle under
study.
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APPENDIX A
RG 8Cl
R12 BC1
R1176 DEC
R1177 ©OEC
R1200 DEC
R1202 CEC
R1223  DEC
R1237 DEC
Rl1244 ©OtC
R1245 CEC
R1252 CEC
R1253 DUEC
R1256 LCEC
R129¢ CEC
R1564 DEC
R1571 DEeC
R1605 CEC
R2366 CEC
R2374 LEC
R3247 OCOEC
R3255 CEC
r413C LCEC
R413¢ OtC
R5011 CEC
R5C017 CEC

CEC
R623¢ DEC
R7436 DEC
R10016 CEC
R1CC2C GEC
R1C023 DEC
Q16031 CEC
R1CC25 CEC
R10053 UEC
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1.4040+4040,0,0

14.74344C.5
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2¢9062392¢90623+50.,0.23
33.3641144.19
33.3642.29433.36,2.29,2323.36
4.,229944.19,11.C8,41144.19,13.01
0+0.04

0,70,

0,847,

2152569C«4C,0

0425500.,C
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APPENDIX B

Guidance Equations for Trim Curve Fit Guidance

Shaping Inputs:

a)
b)
c)

d)

AC EL_ECTRONICS DIVISION GENERAL MOTORS CORPORATION %ﬁ)
L

ij e) kAj, kHj
Arc., Bre., CRC. ko., ka, ., Kg,
RCj» Brep» CRG; f) 2y K3y k4J 54
Arn., Brn., Crn. Ag., Bg., C
RDj> “RDj* ~RDj g M M
ARVj’ BRVJ-s CRVj hy  Kyik Keukr Kyrxs Kyuk

Computed Inputs:

a)

b)

Output:

1)

2)

3)

4)

5)

6)

7)

8)

r c) tm
\Y% d) ROo’
alc, a2c, a3c (gimbal angle commands)
— r

Av

t -ty

2
rc = ARCJ + B:RCJ (AV) + Cch (AV)

. 2
I‘c = ARDj + BRDj (Av) + CRDj (Av)

. 2
(rv)c = ARVj + BRVj (Av) + CRVJ' (Av)
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9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)
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APPENDIX C
RO BCl __wMIDCOURSE CORRECTION
R12 BC]l +»DYNAMICS TABLES FOR REFERENCE SPACE VEHICLE
RZ‘Q DEC 100’80.’120.
R27 DEC 09454190490
R33 DEC ~e002+09,002 ~
R36 DEC 2401442529097336+=016674869E~39.79875263E-8+0
R43 DEC —e0472099849426981997E~3+~e19746393E~T9e42454905E~12
R47 DEC 660759383661026914¢968906591093360e91eE8914E9
RS7 DEC 183456922884491.E9
R62 DEC 1.E’4'1.E-“’10E-‘0'100.’IOE"Z.}..E-“.IQE-B.I‘
R72 DEC —341415927+3.14159274+0+4,.53685618
R76 DEC ~36141592793414159279-147453293+445368562
R102 DEC ~3414159279341415927909445368562
R106 DEC 09090909091 69091e91e9091490
5122 DEC 1.'1-’10’10'1.01.'10'1.’1001.91.’0
R136 DEC 16916909169090+09090905040
R152 DEC 21514670e921514670e91eE19921514670,
R156 DEC 16E1991.E19922137677.
R161 DEC 1eE19314E19914E1991E1991.E19
R166 DEC 00090909090 91,3Q90009090
R202 DEC 00000+0+0309149090903090
R216 DEC 1.'10’1.'10’1001.'01._01.’10010.1.
R232 DEC 1eE1991eE19914E1991eE1991.E1991.E19 L
R240 DEC 16E1941eFE1991.E1991eE19914E1991aE19
R246 DEC 090309090+090909009149090
R262 DEC 0+090+0909090+0920+090+0 o
R276 DEC 10’10’1.’1.!10!1-91.’1051.’6010’1. 0
R312 DEC 18617797 e918617797¢918617797e918617797e918617797490
R320 DEC 48829226690909~12941122049090 L
R326 DEC 6263103.4162631034496263103¢496263103.4962631034490
R334 DEC 12943008049090+4870831749090
R342 DEC 87910974798791097. 708791097.7:8791097 7:87 1 7-7'0
R350 DEC 151127.4090+0+0+090 T T
R356 DEC 0909090+0+0+18963,9030+0+0+0
R372 DEC ~e&470090069~e470090069s~e470090069=-4470090069-,47009006
R377 DEC =ehT70090069=,47009006+=0470090083~44700900690:0+0
R400 DEC o062267732"00622677’2’-0062267732
R406 DEC 0173648181017364818001736&818'0173648180017364813
~ R§I3 DECTTT 173648189 s173648185:173648189¢1736481890»00
R414 DEC ~e771597839~477159783+~677159783
R422 DEC e8653679290865367929e865367929e865367929486536792
R427 ~ DEC "~ "~ eB6E53679290865367929eB6536792+¢8653679291erv1evls
_R430_ _DEC 06330557094633055709463305570
R436 DEC 09090+0+090+04+090909090 3
“R&4B2 T DEC T T05090909050900090500090 ’ T
R466 DEC 140945404915355522e91437472569143747256914374725490
R474 DEC 3714577549090911384,38233E6+0+0 e
RS502 7 DEC ~  +2895E95.2895E9942895E9+42895E9
R506 DEC 090+0909091000420»0
R51§ . DEC 07125E90'.7125590-07125590—07125E90095E800
R524 DEC «41204E7+0+0+50+040
R%32 DEC 21520871.021520871.D215208710v21520871¢0215208710DO
RS540 DEC 0122143638¢900¢13838233E991382742306+0 S
T RS540 T DEC T e28B47308E91».28B847308E9.28847308E9 -
R546 DEC 09090909090900090909090
R554 DEC 0916876,144916876,144
D T T 0909s090909090500900090
R570 _ DEC 00465413161 9445413161
R576 DEC 090009000909095626647129090+090
RE0&  DET B 716901J0796I§9QI§QZ9616901.079 ’
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R612 DEC 090+0509s090+090920+090+0
R620 DEC 09=6140312799~414031279
R626 DEC 0409090930909 09090+00040
Re34 _ DEC 09034239875E=39434239875E~3
R642 DEC 25575-06925575.06’2557§:Q§12§575006$25575-06oO
R650 DEC 0+32670,318+091008745+9100894690
R650 __ DEC_ 294267327 929424732T0294247327
R656 DEC 09090909090 000’0050000 L o
R664 DEC 09=0e16633855+~-016633855
R672 DEC 0s050905090905090+09040
R700 DEC 09=011698624E-29-411698624E-2 =
R706 DEC 1.010’1.010'1.'1.!10,10’10’10’10.1. -
0900 000.0»0!092;0.0'000
R736 DEC 0001449,0022694002269401365940136594033
R744 DEC 00339403396029602»402+0 .
R75%2 DEC e9E=49o142E=390142E=~394001719e001719400296
R760 DEC 0002969002969 401269¢0126194012690
R766  DEC e0014445,002269+40022694013659.01365+4011 o
R774 DEC ¢01190¢01196029402960250
R1002 DEC e9E=49el142E-394142E~ 30000171'000171’098E 3
R1010 DEC = «9BE-33¢98E=3+.0126+s0128+.012650
R1016 DEC ¢12+090+0+0s05090+09040+0
R1024 DEC 0+0+0
R1032 DEC ~o3E=~br—oub4BE~490909=e55E~390909090+0+0+0 -
R1040 DEC 00040
R1046 DEC OoOoOOO 0.0.0 0'0 09000
“R1054 DECT T 0s0s0°
R1062 DEC e11864624E9+411864424E99,11864424E99411864424E9
R1066 DEC e11864424E9+411867783E99411867783E99411867783E9
R1072 ©OEC 011867783E9+.11867783E99».11867783E9+0
R1076 DEC eB84285594E~8+¢84285594E=8++84285594E~85.84285594E~8"
R1102 DEC «e864285594E~89eB84341T783E~B8+¢84341783E~89484341783E~8
R1106 DEC e84341783E=8484341783E-81484341783E-84+0 .
R1176 DEC 9949891,E1991,
R1177 DEC 5 i
R1203 DEC 3¢92093013692690
R1211 DEC 09090961¢929¢917e9180490909=99¢9244309-45490+0
R1233 DEC 0162345E=29¢575E=50,7875E~5_ o
R1236 __DEC 09090504040 ' h
R1244 DEC 14202090+09050
Rlzl}? PEC lesle
R1245 DEC 14,7 T o
R1246__DEC 344045
R1253 DEC 2092569009633523298E-29014076455E17
R1253_DEC «2092569E8 ' ' o
R1256 DEC e72921157E=49 e TE6910904932.174
R1256_DEC ¢72921158E~4
R1263 DEC  =254909254524 T
R1266 DEC 09090
R1271 DEC ~25410025¢524
‘R1274 DEC -159¢954935.,858 E - T
R1277 DEC 137¢95249394427
R1302 DEC 09000,
R1367 DEC %1885 1463104:179238091¢31e91¢90259156784146
R1377 DEC le9400909349)lev3arler3erle
R1410 DEC Se95e
R1420 DEC 1567861469105, 9236091¢9109109e25915053,789
R1430 DEC " 1e940e9093091e930erle93601,
Rllb“l DEC 50 O5o e
"R1451 DEC T 1118368910509 78Be59 0 010914902593597437

C-2
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R1461 DEC 16940¢9093e9le93e9ler30rle
R1502 DEC 3149159436339 78e591lesle1ler2e2591085499
R1512 DEC 1le94069093691a93esle93er1s
R1523 OEC 2920
R1533 DEC 894019010.397805’10’10’1.'025'0 R
R1543 DEC 1694069093691 e930010936010
R1554 DEC 20920
R1564 DEC 0010639786591 4009254925410
R1574 DEC loes40e9093091¢93091093e9191000491000.
R1615 DEC 0910e39784591490919942590
R1621 DEC le _
1622 DEC 025940625
_R1625 DEC 090909090909s0909094259425
R1636 DEC 0259425 v
_R1646 DEC 0910e397865916909250925450
R1656 DEC 1.0‘000’0'30’10'3.’10’3.’10’5000.05000.
R1677 DEC 0910397845916 9091e942590 L
R1707 DEC 1e940090930691093491e934916910069100.
R1731 DEC 0914073
R1737 DEC 0+79984+0179984 0144705715509 14073971554¢ o
R2022 DEC Os14.7
R2030 DEC 0987194909871 969146797722¢
R2113 DEC Orlbe? e o
R2121 DEC 099098689099098489146798262¢3
R2204 DEC 091000,
R2212 DEC 00994249099942491000499942, o
‘R22715 DEC " 091000, T o e
R2303 DEC 0+100384909100384910004,910038,
R2366 DEC 091000, - S
R2374 DEC  0+10038,509100384910004210038,
R2433 DEC 041000,
R2441 DEC 0510038,90910038,910004910038s o L B
"R2500 DEC 091000,
R2506 DEC 0+10038,90910038491000,910038,
R2545 DEC 0910000
"R2553 DEC 0+10038,350910038491000,910038,
R2612 DEC 0926623,05
R2620 DEC 05-315.674+0s-31546T4970184409-269,193 .
DEC 12549.679=233,6489153560449-2344146
DEC 200960049 ~21742449226826079~2136763
~ DEC 25634e779~2084047926623605+0
R2703 DEC T 09624436 o
R2711 DEC 09=172e506909=172¢5069624¢369~524058
R2774 DEC 0910000,
TR3002  DEC T T 09=52.058909-52405891000049-524058
R3065 DEC 0+10000,
R3073 DEC 09~106115909-10611591000049-106115
R31%6 DEC 0s10000, ST T
R3164 DEC 091-1e594909=1594910000e9-1e594
R3247 DEC 0910000, ' o
"R3255 DECT T 7 09=16594507-14594,10000e9-1.594%
R3314 DEC 0910000,
R3322 DEC 09-1e594909=16594910000e 9=1e594 .
""R31361 EC 0510000, h
R3367 DEC 09=16594909=1¢594+1000009~10594
R3426 DEC 0910000,
R3434 DEC " 09=1e5%4909=14594,510000e9-16594
R3473 DEC 0910
R3501 DEC 09612909012961789¢12390263901249055194133
e DEC T T o BBBYe20191e19936391425893691.8019433992431396329
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DEC 2.99031903.5160-3104.0730-302’4-6579o295o‘0-67700295
DEC Se?6294910414292
R3564 DEC 0s10.
R3572 DEC 090612309061 2961789612310263901249¢55194133
DEC 888902019101 9363916288943611e8019¢33992431354329
DEC 2¢99e31993.5160631 94, 0739030294¢6579e29594467794295
DEC 50’-29‘4010.'.292 .
R3655% DEC 20925
R3663 DEC 2.0.4702.0.47.3.0.26 1009020592549 4245
R3754 DEC 209023920942395000423 o B
R4037 OtC 24950,
R404% DEC 20902392e902395009423
R4130 DEC 249504 - -
R4136 DEC 2¢9002392¢90423950490623
R4175 __DEC 249504
R‘§203 DEC 20 00023'2. 00023'50!00.23 e
_'_Rré 242 DEC 269500
_R4250Q0 DEC 261002392690¢23950690423
Rh307 DEC 2.950. I _ e
R431% DEC 2¢9002392¢+0¢23950090423
"R4354 DEC 155284¢15942135,09
R4362 DEC 1552841596798 915528415967e98915728615
' DEC 68.02941935.09973.62+42135.09973046 T
*R4445 DEC 14903,79915928,415
R4453 DEC 14903¢79967649914903¢79964e79915103479
o DEC 57e62115728.15+68,02+15928.,15+68.13
R4536 DEC 3447437911393,80
R4544 DEC 3447 6379310409364 T7e3T7931e449364T737
N " DEC 32,20111193.80964,46+11393.80+65431 o
R4627 DEC 93549993399,15
R4635 DEC 93549991364991935,99913+4991135499
DEC 14.5693199¢15925.6193399,15,26,88 T T
R4720 DEC 3343691144419
R4726 DEC 3363692429933436126299233,36
T TDEC Ge229944,19511.0891144419913,01 ° ~ T T T
R5011 DEC 3343691144419 i
R5017 DEC 3363612¢29933¢36126299233436
' - DEC 6,22+945,19+11.0801184419513,01 T o
R5056 _DEC 3303601144419
_BQQQ_‘O_M_DEC 33, 3692.29033.3602.29'233036 - _ o
. DECQ Tl 221954019911¢0801044419213,0%

R5123 DEC . 33,36:1184019 .

.Rilil__DEC_____31L3ﬁ4242243343§LZ;Zi;lll;lh_
' o L 4,22:944,19,11.08,1144,19213.0L0

TTTTB 2299444195 11.08311%4,19513,01 T

3363691144419
3363692¢299334361920299233436

(NORTH WIND TABLE)

BR5243_DEC  09100,9051004207E62100e

DEC
R5170 DEC
R5176 DEC
—— e BEC
R5235 DEC O1+7E6
“LRR32&6._DEC ...
~R9334__DEC _
R5416 DEC
e BEC
DEC
DEC
DEC
. DEC
R5536 DEC
T TTTTT DEC

C-4

QrsTESG. L

0910049091000 227E62100,

1909¢03490669¢1047198941745329901
O0s09e169¢3291012+:5909¢18903491,419
10’000160036'0103201012'00016.0‘0010“8
1¢2590061690e491a5+145909416943991652
2¢9096¢15163B3145294430901894369165
609009¢290391038910e909616962591631
1909¢03469066961047198961745329941

T 0309161032916 129453509 01696391619
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DEC 1690961693691 63292412109016s0491448
DEC 162590900169 e491¢59165909016903991452
DEC 2.909016'03891.52’l§.90!-18!036'105
DEC 66909029439143811009096169¢2591431

R5656 DEC 190903490669 41745329945235988941
DEC 1650096116559 2¢0992090901965692416
DEC “o00’.12"61’2.4’80’090110063’2.51
DEC 1569096089459 24469254909406903992403

R5776 DEC 0s005

R6116 DEC 0r.04

R6236 DEC 040404

~R6332___DEC 090,04

_R6426 DEC 010404

R6522 DEC 040406 »

Re616 DEC 1909003490669 ¢1047198941745329941
DEC 0907263976681 78e¢218Lle1e5972e8975¢3979¢798247
DEC l. ’7504'78.6'830108402’1012'610706809'76.‘0!790
DEC 1625+6148069¢207609979e39165963029716397743979
DEC 2096607972649 T7803B0al 16496569973 64978469814
DEC 6e 06607073.7'7807!8101’10. !64.‘007302’77.8980.2

R6736 DEC 1500403490669 .1047198y41745329441 T
DEC 0972¢3974e81784218101e517268975e39796798267
DEC l. ’7504078.698301’84.2)1-129610796809076.40790
DEC 1.25 ’61.8'6902 17609,7903,105 06302071¢3’77;3’79
DEC 20164071 T72e09TBe1B0elobe 6569973049 T7Be6981e
DEC 60966671 T3e797847s8Le1910e964ek49T73429774898042

R7056 DEC 1900003490609 41745329+45235988901 T
DEC 1593665136499 2742938492e937e1937e8938493846
DEC 4493707338429 38:493B¢B9809384493849939e41939.1
DEC 15693BeB81390939:1539.1125493742+3845+3847+38,8

R7176 DEC 0s19.

R7316 DEC 097,

R7436 DEC 070 7

R1532 _DEC 09700

RT62¢ 0

R7722 DEC 0+70. ) o

R10016 DEC 09B847.8 TeM

R10020 DEC 1375508204915410775049201363310.

R10023 DEC 555840115910075372+128214895

_R10026 DEC  3,2627713E=5501:2382603744
_R10030.DEC ____ 0 .

R10031 DEC ~

le =

k10032 DEC

0900

R10035.DEC 842321,
_R10040_DEC.... .. Q0
_R100854 DEC | 09091,

“R1202_DEC__ 2,

TRA

XY

o9

9



AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION CE/B?\?

APPENDIX D

COMPUTER PROGRAM 118.0

D.1 INTRODUCTION

The material in this appendix is designed to furnish the data required by a programmer
for a detailed understanding of Program 118.0. A complete program listing is given,
supplemented by descriptions of utility subroutines, tape format, and operational guide
for an IBM 7094 MOD II. This data will facilitate the operational application of Program
118.0 and aid the programmer in possible future modifications or additions.
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D.2 PROGRAMMER'S OPERATIONAL INFORMATION

D.2.1 SYSTEM CONFIGURATION (IBSYS VERSION 13)

FUNCTION SYMBOL PHYSICAL FORTRAN IV

Library 1 SYSLB1 Al

Library 2 SYSLB2 Unassigned

Library 3 SYSLB3 Unassigned

Library 4 SYSLB4 Unassigned

Card Reader SYSCRD RDA

On-line Printer SYSPRT PRA

Card Punch SYSPCH A0

Output SYSOU1 A3 6
Alternate Output SYSOU2 A3

Input SYSIN1 B3 5
Alternate (nput SYSIN2 B3

Peripheral Punch SYSPP1 B4 7
Alternate Peripheral Punch SYSPP2 B2

Check Point SYSCK1 B5

Alternate Check Point SYSCK2 B5

Utility 1 SYSUT1 A4 1
Utility 2 SYSUT2 B1 2
Utility 3 SYSUT3 A2 3
Utility 4 SYSUT4 B2 4
Utility 5 SYSUT5S Unassigned

Utility 6 SYSUTG6 Unassigned

Utility 7 SYSUTT Unassigned

Utility 8 SYSUTS8 Unassigned

Utility 9 SYSUT9 Unassigned

Attached Units Not Assigned or Reserved

A5 B6
A6 B7
AT B8
A8 B9
A9 B0

Intersystem Reserve Units

None
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D.2.2 PROGRAMMER'S GUIDE FOR 118.0

I. Error Conditions

A. Error conditions result in program dump in floating point from with XR4
being key to location where error occurred.

B. Hints on error conditions

1)
2)
3)

4)
9)

Make very sure input data is correct
XR4 should tell where error occurred

Make sure end cards TRA 5,4, TRA 4,4 are present and used
correctly

Double check deck makeup

Table input data is frequent error.

D.2.3 OPERATOR'S GUIDE FOR PROGRAM 118.0

I. Machine Configuration (System Requirements)

A, Channel A

1)
2)
3)
4)

Al = IBSYS VERSION 13

A2 = Utility tape

A3 = List tape (output print tape)
A4 = Utility tape

B. Channel B

1)
2)
3)

B1, B2, and B5 = Utility tape
B3 = Card-to-tape (input)
B4 = Punch tape (card output)

C. Core Storage

1)

II. Deck Setup

32K

A. Control Cards at Beginning of Deck

1

$ DATE
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2)
3)
4)
o)
6)
)

SIBSYS
$RESTORE
gJOB

1D
$EXECUTE
$IBJOB

Program Decks

1)
2)
3)
4)

118

SUBS
XTAPEW
AREW

Control Cards at End of Program Deck

1)
2)
3)
4)
5)
6)
7
8)

SENTRY

7/8

Data Cards (NOT CONTROL CARDS)
7/8

#IBSYS

SENDFILE SYSOU1
$ENDFILE SYSPP1

gSTOP

Devices Used by Program

1)

Fortran logical 2 tape unit = Bl

Built-in Pauses

1)

2)

On-line message "Please place blank tape on S.SUD2" means to be
sure blank tape is on B1, then hit start.

Pause 66666 with 66666 right justified in AC means to save tape
generated on Bl-Fortran logical 2, if this option asked for, then
hit start.
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D.2.4 Tape Format for 118.0 (58 Word Record)

Record No. 1 - Heading Record (All Floating or BCI)

1) ~3.0
2) Run No.
3) Phase No.
4-13) Heading
14-54) 0
55-58) 4 BCI Blank Words

Record No. 2
1) -2.0
2) Run No.
3) Phase No.
4) PIX \
o
9) PIY
0
6) PIZ
0
7) Y AX
’ >
8) YAYO A4 matrix in row form
9) Y AZ
o
10) Ry
o
11) R oy )
o) /
12) R oz
0
13-54) 0

55-58) 4 BCI Blank Words
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Record No. 3 and All Others Except Special End Records

1) TIME
2) Run No.
3) Phase No.

4-6)  Wpp Wyur Wpg
7-12) X, Y,Z,X,Y, Z

13-18) ax, ay, az, ozl, az, a3
-1 -1 -1 -1 ~1 -1
*¥19 . " i
19~54) ©170 9910 Pgp P40 D510 Daq ir; fsrx"lc‘):a;-‘:;la;gsrzls Program, read
- p
@127

-1 -1 -1
* Note: (to-t) isincp 41’ D590 P63 This option is built in error analysis portion of
program

55-58) 4 BCI words

Record N (Record Separating Cases) Special End Record

1) TIME = 1.E20

2) Run No.

3) Phase No. :

4) Remaining words are garbage thru word 58

Record (N+1)

1) If end of all runs, duplicate of Record N

2) If another case, same format as preceding case on tape.




/

1)

2)

3)
4)
5)
6)
0]
8)
9)
10)
1)
12)
13)
k)
15)
16)
17)
18)
19)
20)
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D.2.5 Utility Subroutines

Page 1

Utility Subroutines Used in Programs 118.0 (Nominal Boost)
and Program 117.0 (Performance Assessment All-Inertial Boost)

Name

SINCOS

AF2F

BVPI
INTP
INTG
RADEG
DEGRA
TRANSF
DOT
CROSS
SIXROT

EATM

PRT9
PFIX
PFLOAT
SQRT -
cos
SIN
ATAN

Brief Description of Subroutine

Entry point for sine and cosine subroutines (siN, cos).

Entry point for arctangent and arcsine subroutines
(ATAN, ASIN).

Bivariate extrapolation subroutine.

Linear Interpolation subroutine.

Integration subroutine.

Conversion from radians to degrees, minutes, and seconds.
Conversion from degrees, minutes, and seconds to radians..
Transformation of 3 dimensional vector.
Dot product subroutine.

Cross product subroutine.

6 Rotational matrix evaluator

Extended atmosphere subroutine.
Variable field input subroutine.
Output subroutine.

Fixes ‘floating point numbers.

Floats fix point numbers.

Square root subroutine.

Cosine subroutine.

Sine subroutine.

Arctangent subroutine.
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Utility Subroutines Used in Programs 118.0 (Nominal Boost)
and Program 117.0 (Performance Assessment All-Inertial Boost)

Name 4 Brief Description of Subroutine
21) ASIN Arcsine subroutine.
22) IN : Natural logarithm subroutine.
23) EXP Exponent subroutine (e).
24) CORE Dump subroutine (floating or octal).
25) PANEL ‘ Panel display subroutine.
26) SETUP Generalized setup subroutine.
27) TAPEW Writes time point history tape in Fortran IV and

Prints tape after completion of all cases.
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AC ELECTRONICS
IBM 7094 UTILITY SUBROUTINE INFORMATION
Program No.: 117.0 and 118,0
Function: Entry points for sine (SIN) and cosine (COS) subroutine

Subroutine Name: SINC{@S

Deck Name: Not applicable

Language: Fortren IV X| maP

Description:

See Attached Listing

X See Attached Information

Following Comments

This (SINC{S) routine is nothing but a few instructions that allow the programmer
to find the sine and cosine of an angle in radians at one entrance to a subroutine
(SINC@S). The sine is in the AC and the cosine is in the MQ upon exit. The calling
sequence is as follows:

CLA X
TSX SINC@S, 4

where X = location of angle in radians.

See SIN and C@S writeups.
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AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118.0

Function: Entry points for ATAN and ASIN subroutines
Subroutine Name: AF2F

Deck Name: Not applicable

language: Fortran IV X] MAP

Description:

See Attached Listing

See Attached Information

Following Comments

This 18 nothing but the following two instructions:

TRA ASIN
TRA ATAN

See writeup on ASIN and ATAN

Calling sequence 1is:

(CLA X (cLa X
for ASIN \TSX AF2F, 4 for ATAN  { 75x  AF2F+1,4
TSX ERR,4 1TSX ERR, 4

D-10
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AC ELECTRONICS
IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118,0

Function: Bivariate extrapolation subroutine

Subroutine Name: BVPI

Deck Name: Not applicable

Language: ,: Fortran IV X| mAaP

Description:

See Attached Listing

See Attached Information

Following Comments

The table setup of input is described in user's guide. The calling sequence to this
subroutine is as follows:

CLA X
LDQ Y
TSX BVPI,4
PZE A
TSX ERR,4

where
location of one argument

location of second argument
location of table
programmer's error routine

B>
KonoNon

A D-~11



AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118.0

Function: Linear interpolation subroutine

Subroutine Name: INTP

Deck Name: Not applicable

lLanguage: D Fortran IV X] map
Description:

X| See Attached Listing

x| See Attached Information

X| Following Comments

The calling sequence to this subroutine is as follows:

CLA
TSX
PZE
TSX
TSX

X

INTP, 4

-TBLB1

ERR, 4 (minimum error exit)
ERR, 4 (maximum error exit)

where x = the argument

TBLB1l = location of control section of table
ERR = programmer's error routine

D-12
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AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118.0

Function: Linear interpolation subroutine
Subroutine Name: INTP

Deck Name: Not applicable

Language: _ Fortran IV X] MAP

Description:

X! See Attached Listing

X See Attached Information

X| Following Comments

This subroutine is used directly with tables as specified in the input section of 118.0.
It assumes a table control section where the minimum and maximum values of the
independent variable are input to this control section of the table. The tables them-
selves must be input as follows. Note the first independent and dependent variables

- must be repeated.

Control Table TBLT1 PZE BITBL
DEC 0,0, (minimum and maximum)
PZE 0,0,-BITBL
DEC 0,0,0 (extra storage for INTP)

Actual Table BITBL BSS 30
Example of actual table:

(BSS 30 ‘Il’ Dl’ Il’ Dl’ 12, D2. . ..IN, DN)
I = independent variable  where I; = minimum independent variable)
D = dependent variable IN = maximum independent variable)

D-13



Date 3 /16 /66
Page 1 of 1 .

AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: _117,0 and 118.0

Function: Integration subroutine (ordinary differential eqs.)

Subroutine Name: INTG

Deck Name: Not applicable

Language: fortran 1V Xi| mr

Description:

See Attached Listing

X See Attached Information

X Following Comments

This subroutine is used for all integrations using Gill and Adams technique. There are
two types of cal ling sequences possible but I will only discuss the one used in this
program. The calling sequence is as follows:

PXD , 0,0

TSX INTG,4
PZE A,,-B
PZE N,,-C

PZE -B,0,-D
Clearing the AC by exec,-ution of PXD 0,0 is a must for this call.

= location of subroutine to evaluate derivatives.

= Jocation of time (present time)

= number of equations to be integrated

= Jocation of integration step size (delta T)

= location containing value of time to be integrated to.

TgaQZuw>

D-14
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AC ELECTRONICS
IBM 7094 UTILITY SUBROUTINE INFORMATION
Program No.: 117.0 and 118.0
Function: Conversion from radians to degrees, minutés, and seconds.

Subroutine Name: RADEG

Deck Name : Not applicable

Language: |_ Fortran IV X! mp

Description:

See Attached Listing

X| See Attached Information

X| Following Comments

Converts an angle in radians to degrees, minutes, and seconds. The calling sequence
to this subroutine is as follow s:

TSX RADEG,4

PZE N
PZE -A,,-B,
PZE -Ay,,-By

where N specifies the number of conversions
Al = Jocation of first angle in radians
B, = location of first angle in degrees, minutes, and seconds.

Bl is first location of 3 cells.

D-~15
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AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118.0

Function: Conversion from degrees, minutes, and seconds to radians.

Subroutine Name:DEGRA

Deck Name: Not applicable

language: Fortran IV X] map

Description:

See Attached Listing

X See Attached Information

X Following Comments

Converts an angle in degrees, minutes, and seconds. to radians. The calling sequence to this
subroutine is as follows: '

TSX DEGRA,4

PZE N
PZE -A,,-B,
PZE -Ay,,-By

where N specifies the number of conversions.

Al = Jocation of first of 3 cells containing angle in degrees, minutes,
and seconds.

B1 = location of 1 cell containing result in radians.

D-16
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AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118,0

Function:

Transformation of 3-dimensional vector

Subroutine Name: TRANSF

Deck Name: Not applicable

language:

Description:

Fortran IV XJ] MAP

See Attached Listing
See Attached Information

Following Comments

Transforms a 3-dimensional vector. The calling sequence to this program (subroutine)

is as follows:

TSX
PZE
PZE

PZE
PZE

where

2
n

W o> > >
(O U N

TRANSF, 4
-M
-Al’ ] TB

-Az’ 9 -B
"'Aa, 9 "B

1
2
3

first location of a 3 x 3 matrix ‘
first component of vector to be transformed (location)

second component of vector to be transformed (location)
third component of vector to be transformed (location)
first location of transformed component

second location of transformed component D-17
third location of transformed component
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AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117,0 and 118.0

Function: Dot product subroutine of 2 N dimensional véctors

Subroutine Name:D@T

Deck Name: Not applicable

Language: Fortran 1V X] mapP

Description:

See Attached Iisting

X| See Attached Information

X| Following Comments

Finds the dot product of 2 N-dimensional vectors. The calling sequence to the subroutine
is as follows:

TSX D@T,4
PZE ANSWER,,N
PZE -A,,-B
where
ANSWER location where product is to be stored

A = location of first N dimensional vector
B = location of second N dimensional vector
N = dimension of vector

D-18
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AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118,0

Function: Cross product of 2 3-dimensional vectors

Subroutine Name: CR@SS

Deck Name: Not applicable

language: fortran IV E MAP

Description:

See Attached Listing

X| See Attached Information

1 X| Following Comments

Finds the cross product to two 3-dimensional vectors. The calling sequence to this
subroutine is as follows:

TSX CR@SS,4
PZE -A,,-B
PZE -C
where
A = ]Jocation of first 3-dimensional vector
B = Jlocation of second 3-dimensional vector
C = location of answer for 3-dimensional product

It 1s assumed that A, B, and C are the first location component addresses.

D-19
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AC ELECTRONICS

IBRM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118.0

Function:

6 Rotational matrix evaluator

Subroutine Name:SIXR@T

Deck Name: Not applicable

Language: i

Description:
X
X
X

[_—_I Fortran IV X] MAP

See Attached Listing
See Attached Information

Following Comments

The calling sequence to this subroutine is as follows:

TSX
PZE
PZE
TSX

where
A =

B =

C =
SYSERR =

D-20

SIXR@T, 4
A,,B

C
SYSERR, 4

first of 6 locations containing rotational axis codes (2) whose
values may be 0., 1., 2., or 3. Subroutine terminates upon
encountering first 2 Wwhose value is zero.

first of 18 locations containing rotational angles in degrees,
minutes, and seconds corresponding to rotational axis codes.

first of 9 locations containing resultant matrix

error return location




GUIDANCE BLOCK 0
(Initial Conditions)

Auxiliary Coordinate Transformation Matrix from Earth Centered Inertial
Frame to Computational Inertial Frame

Output: ’Q = ﬁﬁ\

N
: AT = = = .
Input. » R CZR, CR )7;3 R 1, 2,3 4, 5,6

Using the six rotational matrix evaluate [Q]

D-21



Yuter from LOC

Ihcrcase Yes: LOC +2
> rbyl (normal return)
Compute *
sin a
cos o
No

r *
Transfer Yes 15 v-2=0?
onV
No
* No: LOC +1
Yo Is v-3 =07 O h

(crror recturn)

' . *n-n=20

BLOCK 5 n-n#-0
(}‘(omplyke
Q = bA
No Yes: LOC +2 (normal return)

D-22

Figure 1. Logic Flow Diagram of 6 Rotation Matrix Evaluator.
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SIX ROTATIONAL MATRIX

EVALUATOR
(3 x 3)
Output: 6, qij = elements of matrlxa )
Input: )7R. ap R = 1,2,3,4,5,6
Y =0,1,23
BLOCK 1. SctQ = I
- -
9: 952 Y3 10 0
991  Ypp  Ygg = o 1 0
93; 932 93 Y
. - e
A e
BLOCK 2. SetB = M,
- —— F “
b P2 by ‘ 10 0
b2l b22 ’ b23 = |0 cosa sina
b31 b32 b33_ _0 -sin o cos ad
A A
BLOCK 3." SetB = M2
I 7 B .
b11 b12 b13 cos « 0 -sin aﬂ
Doy By byg ~ 0 1 0
b31 b32 b33 sin « 0 COs «
| J L
Pl o)
BLOCK 4. SetB = M3
- - - -
. b11 b12 b13 cos @ sin o 0
b21 b22 b23 = -sina@ cosa 0
b‘,:}1 b32 b33d 0 0 1

D-23



SIX ROTATIONAL MATRIX
EVALUATOR (contd)
3 x 3)

A oA
BLOCK 5. ComputeQ = BA

9 9 q137 by Blp b3 a1 2 43
Gy  9pp o3| = [Py Dy by, 31 P2 g
43, 932 933 { Lb31 bya  bgg La'31 3320 333
L. . . J
K=3
~ where qij =E (biK) (aKj)
=1

D~24
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AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118,0

Function: Input subroutine

Subroutine Name:INP9

Deck Name: Not applicable

Language: | Fortran IV X)) map

Description:

See Attached Listing

X See Attached Information

! Following Comments

Date 3 /16 /66
Page 1 of 1
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AC SPARK PLUG PROGRAMMING MANUAL FOR THE 7040

INP9
INP9OP

Author Richard Ameen

Identification

INP9 - Decimal, Octal, BCI Loader using IOOP2 level of IOCS
The RELMOD deck has ENTRY INP9, ENTRY INP9OP, EXTERN COMMON,
EXTERN PRT9, and EXTERN PRT9OP

Purpose
1) To read S. SIN1 with redundancy checking.

2) To convert to binary, store in core, and return control to the calling
sequence or to a cell specified in the imput record (TRA).

Restrictions

1) This subroutine uses PRT9 to print an error message if error occurred
in reading S. SIN1.

2) "OPENT" calling sequence must be performed before routine will read in
data.

)

Errors

1) When using "Continuous Block Loading™ or "Discontinuous Block Loading"
option if "TO" address (B) is not greater than "FROM" address (A) routine
will exit to the 3rd parameter word in calling sequence with 1B35 in AC
and 0 in MQ. —

2) If program cannot recognize pseudo operations in columns 8 through 10,
routine will exit to 3rd parameter word in calling sequence with 3B35 in
AC and 0 in MQ.

3) If decimal data is out of range, routine will exit to the 4th parameter word
in calling sequence with 4B35 in AC and 0 in MQ.

4) If data is attempted to be loaded into octal location 10005g or less, routine
will exit to 3rd parameter word in calling sequence with 14gB35 in AC and
0 in MQ. ’

5) If error occurred in reading S. SIN1, error message is printed on S.SOU1l
and run is terminated. .

D-26
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6)
" Method
1)

2)
3)

INP9
Page 2 of 6

AC SPARK PLUG PROGRAMMING MANUAL FOR THE 7040

INP9

If INP9 has not been OPENED by "OPEN" calling sequence,
error message is printed and run is terminated.

Decimal numbers are converted to binary integers and then scaled
by the indicated power of ten.

Octal numbers are converted to binary integers.

BCI information are stored directly.

Space Requirements

1)

Accuracy

1)
2)
3)
4)

Range

1)
2)
3)

Usage

Format:

652 cells + 30 COMMON

Decimal to binary floating point; 8 decimal digits (unrounded).
Decimal to binary fixed point; 10 decimal digits (unrounded).
Decimal integer to binary integer; exact.

Octal integer to binary integer; exact.

Decimal to binary, floating or fixed; 0 to 10“348 and 1038

Decimal integer to binary integer; 0 to 235-1

Octal integer to binary integer; 0 to 235-1

The following options are available for storage of the input data:

D-27
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AC SPARK PLUG PROGRAMMING MANUAL FOR THE 7040
INP9

1)  Absolute Decimal Orizins. The first data word of the input record is
stored in the cell specified by the calling sequence or by the absolute
decimal location specified in columns 1-6 of the input record. Once
loading is initiated, words are stored relative to the origin until col-
umns 1-6 designate a new origin.

2) Absolute Octal Origins. A "B" in column 1 specifies an absolute octal
origin. The origin may be assigned anywhere within the location field
(columns 2-6) since blanks are ignored. Successive words will be
loaded relative to this location until a new origin is designated on the
input record.

8)  Relocatable Data ("R"card). An "R" in column 1 specifies a relocat-
able storage location. The location in octal may be assigned anywhere
within the location field (columns 2-5) since blanks are ignored. The
location given will be adjusted by the address of the first parameter
word of the calling sequence. Successive words will be loaded relative
to this location until a new origin is designated on the input record.

The general character of the data to be loaded is determined by a three-letter pseudo-
operation punched in columns 8-10. These pseudo-operations are: DEC, OCT, and
BCI. In addition, there is an operation TRA which provides an exit from the loading
program.

Decimal Data: DEC

The decimal data may begin in any of the columns, 12-16. This column is con-
sidered the start of the variable field. All columns (11-16) prior to the start of the
variable field must contain blanks. The variable field terminates in column 72. Deci-
mal data is converted to binary and assigned to consecutive locations L, L+1,.....

Successive words of data on a card are separated by commas, and the first blank
occurring in the variable field indicates that all punching to the right of this blank is

non-relevant.

Signs are indicated by + or - (12 or 11 punch) preceding the nymber, the expo-
nent, or the binary scale factor. However, it is not necessary to use the + sign.
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AC SPARK PLUG PROGRAMMING MANUAL FOR THE 7040

INP9

If none of the characters. E or B appear in a decimal data word, the word is con-
verted as a binary integer with the binary point at the right-hand end of the word.

If either of the characters E or . or both appear in a decimal data word and the
character B does not appear, the word is converted to a 7040 type floating binary quan-
tity. The decimal exponent used in this conversion is the number which follows imme-
diately after the character E. Ii the character E does not appear, the exponent is as-
sumed to be zero. If the decimal point does not appear, it is assumed to be ar the
right-hand end. For example, 12.345, +12.345, 1.2345E1, 1234.5E-2 and 12345E-3
are all equivalent representations of the same floating point quantity.

If the character B appears in a decimal data word, the word is converted as a
fixed-point binary quantity. The binary scale factor used in this conversion is the num-
ber which follows immediately after the character B; it being the number of binary
places between the left-hand end of the storage cell and the binary point of the fixed-
point binary resuit. If the decimal point does not appear in the decimal word, it is as-
sumed to be at the right-hand end. The decimal exponent used in this conversion is the
number which follows immediately after the character E. The order of B and E is not
significant. For example, 12.345B4, +1.2345E1B4, and 12345B4E-3 are all equivalent
representations of the same fixed~point quantity.

Octal Data: OCT

The octal data may begin in any of the columns, 12 through 16. This column is
considered the start of the variable field. All columns (11-16) prior to the start of the
variable field must contain blanks. The variable field terminates in column 72,

The binary point is considered to be on the right-hand end of a 7040 word, and as-
signed to consecutive storage locations L, L+1,...

Successive words are separated by commas and the first blank occurring in the
variable field indicates that all punching to the right is to be considered non-relevant,

In the case of 12-digit octal numbers, the following equivalences exist with
respect to the high order digit: .

-0=4 -1=5 -2=6 - =3 =7

Either form may be used in OCT cards.
D-29
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INPS

Binary Coded Information: BCI

If any of the columns 12 through 16 contain a comma with no preceding word
count, 10 six-character words of Hollerith information from the next 60 columns (im-
mediately following the comma) are read and assigned to locations L, L+1,.....,L+9.

Blanks will be stored, however, for columns 73 through 76.

If less than 10 BCI words are desired, a word count v (0 <v < 9) is punched in
. any of the columns, 12 through 16. The next column must contain a comma and is fol-
lowed by the v words of BCI information, All columns from 11 to the column contain-
ing the word count must contain blanks.

Transfer: TRA

When a card punched TRA in columns 8-10 is encountered, control will be trans- '
ferred to the location specified by the address and tag punched, starting with any of the
columns 12 through 16. This column is considered the start of the variable field. All
columns (11-16) prior to the start of the variable field must contain blanks.

Two options are available for exit from INP9.

Al

1) Absolute decimal with no tag, e.g., TRA 4096 will cause the loading
program to transfer control to location (10000)8.

2) Absolute decimal address with tag, e.g., TRA 4,4 will cause the
loader to transfer control to the fourth instruction following the
TSX INPY, 4 entry.

Calling Sequence

1) For opening routine

TSX INP9QP, 4
PZE K,0,L

where K is lowest location in core memory that data can be read into
(1. e., built-in memory protection).
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AC SPARK PLUG PROGRAMMING MANUAL FOR THE 7040

INP9

Where if L = 0 all input data will be printed via PRT9 as soon as read. If

L # 0 no input data will be printed.

Continuous block loading from A to B, locations not punched on cards:

F TSX INP9, 4

F+1 PZE A, @3, B

F+2 ERROR RETURN

F+3 ERROR RETURN

F+4 NORMAL RETURN
Words are stored consecutively as follows: A, A+1, A+2,....B.

Disoontinuous blook loading, location punched on some or all cards:

F

F+1
F+2
F+3
F+4

TSX
PZE

INP9, 4

A, @, A+N-1
ERROR RETURN
ERROR RETURN
NORMAL RETURN

Where N is the number of words to be loaded. If there it not location
punched on the first card, the first word will be loaded at A. In the
event that all necessary locations are specified on cards, set A = 1.

Load until transfer, starting at location A.

F

F+1
F+2
F+3
F+4

TSX

PZE

INP9, 4

A

ERROR RETURN
ERROR RETURN
NORMAL RETURN
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IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: _117.0 and 118.0

Function: Output subroutine

Subroutine Name:PRT9

Deck Name: Not applicable

language: _ Fortran 1V X] MAP

Description:

x| See Attached Listing

X See Attached Information

Following Comments

D-32
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PRT9

PRTIGP
Author Richard Ameen PRT9CL
— PRTIQGV
Identification PRTOCT

PRTY9 - General Output Routine for 7040 Using IOOP2 Level of IOCS

The RELMOD deck has entries PRT9@P, PRT9CL, PRTIGV, PRTICT,
and PRT9

Purpose

To set up one line of output as specified in the calling sequence and to
output this line on the on-line printer or the on-line punch. This routine is also
applicable for use with an off-line operation. The following conversions are
available: Hollerith to Hollerith, Binary Integer to Decimal Integer, Fixed Binary
to Fixed Decimal, Floating Binary to Floating Decimal, Floating Binary to Fixed

Docimal, and Binary to Octal.
*Note: The number of lines per page can be controlled by the user.

. a5 " Restrictions
1) PTW must be followed by PZE.
2) Binary scaling factor, B, must be within the range 0 - 35 inclusive.
3) PW (Print Wheel) position must be 1 < PW < 138.

4)' Opening calling sequence must be performed to have printing or
punching output.

5) If printing failure occurs, program will print message on type-
writer to operator and stop. Operator simply pushes start
button to continue.

6) If punching failure occurs, program will print message on type-
writer to operator and stop. Program will attempt to re-punch
same record two more times if operator pushes start button.

If failure still occurs, program will continue.

Method

The line image is written via IOOP2 which must be available for use
during the execution of the program. .
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Space Requirements
628 cells + 0 COMMON.

Usage
Calling sequences:

1) Opening Calling Sequence

TSX PRTIQP,4
PZE A,,B
RETURN

where A = the maximum number of lines per page.
If A =0, the value 60 will be used.

B = exit location for page overflow. Whenever the number of lines per page
exceeds A, a TRA B is performed. If B =0, no exit is performed.

The exit routine, (B # 0),' may be used for footings and headings. If
footings are desired, the exit routine must place a fixed 1 B35 into PRT9CT and
then print desired footings, being careful not to overflow the page. The last
calling sequence in the exit routine when using footings must restore page using
P@N 3. This last calling sequence most likely will be used as a heading for the
next page.

If the exit routine is used only for headings, the user does not have to
use a PON 3 as PRT9 will automatically do this. More than one heading can be
printed by the exit routine. In all cases, the very last instruction of the exit
routine must be a TRA PRT9QV.

*Note: If printing or punching is desired, the user must pérform the Opening
Calling Sequence.

2) Close Calling Sequence

TSX PRTICL,4
RETURN

This entry will prevent any future printing or punching until an Opening
Calling Sequence is performed.
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3) Normal Calling Sequence (printing and punching)

a TSX PRT9,4
a+1 YYY A, T, D
a+ 2 YYY A, T, D
a+n-1 YYY A, T, D
a+n 72727 CC

a+n+1 NORMAL RETURN

Explanation of Calling Sequence

Each of the operations denoted by YYY describes the type of conversion

to be done for one entry of the line to be output. The address, tag and decrement
contain information necessary for the conversion and the spacing of the number in
the line.

Any combination of any number of these pseudo-operations may be used

to set up a line of output and when followed by one of the ZZZ operations, the
line is output on-line or written on tape to be output off-line. For each instruction

the tag, T, may be 0, 1 or 2.

YYY Pseudo-Operations

PTH

F@R

L,T,1000:N+PW

Hollerith to Hollerith Conversion

PTH prints N BCD words where the first word is located in L-C(T). The
last (6th) character of the Nth word is printed by print wheel PW.

Up to 22 BCD words may be printed with one PTH operation, (e.g., PTH
L,0,22132 will print the contents of L through L+21 using print wheels
1-132).

L, T, PW .

Binary Integer to Decimal Integer Conversion

F@R prints the contents of L-C(T) as a decimal integer with the units posi-
tion printed by print wheel PW. The number in L-C(T) is considered to be

at B = 35.
D-35
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PZE

SIX

SVN
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L, T, 1000-D+PW

B

Fixed Binary to Fixed Decimal Conversion

The PTW, PZE combination prints the contents of L-C(T) as a fixed
point number rounded to D places after the decimal point. D must be
< 8. The last digit of the number is printed by print wheel PW.

B is the number of binary places to the left of the binary point of the
number in L-C(T). B must be in the 0 < B = 35.

The sign of the number, if minus, prints in the first position to the left
of the most significant digit. If positive, a blank is inserted in this
position.

If L—.C(T) contains zero and D = 0, nothing will print.

PTW and PZE must always be used in the combination shown above.

L,T,1000-D+PW

Floating Binary to Floating Decimal Conversion

SIX prints the contents of L-C(T) as a floating point decimal number
with a mantissa rounded to D places (D < 8) and an exponent of two
digits printed to the right of the mantissa. The second position of the
exponent is printed by print wheel PW.

Example: -.123456789 x 1073 printed by SIX L, T,8060 will print as:
| -.12345679-03 ¢ _

(Print Wheel 60)
If L-C(T) contains zero, the number printed is .00000-39
(if D = 5).

L,T, 1000-D+PW

Floating Binary to Fixed Decimal Conversion

SVN prints the contents of L-C(T) as a fixed point decimal rounded to

D decimal places. (D <8). If D equals zero, a rounded integer will be
printed without a decimal point. If the number is negative, a minus
sign will be printed to the left of the left-most characters. No leading
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zeros to the left of the decimal point will print. If the number is zero,
it will print D zeros to the right of the point. If the absolute value of
the number exceeds 34,359,738, 367, it will be printed in floating
decimal form as described under SIX.

Example: -.123456789 x 10-3 printed by SVN L, T, 8060 will print as:
-. 000123456 x_

(Print Wheel 60)
PZE LT,O0
Transfer

PZE (with decrement equal to zero, and not preceded by PTW) effects
a change in the calling sequence location by specifying that the next
word i{n the calling soquonco {s to bo taken from L~C(T). The oalling
sequence then continues from L-C(T) until a P@N, FVE or another
transfer (PZE) is encountered.

PZE L, T, 1000:D+PW
Binary to Octal Integer

(PZE not preceded by PTW). D must be £12. The sign of the number
is considered to be part of the number. Three binary bits produce one
octal integer.

PZE 0,0,0

Ignore, continue with next parameter.
(PZE not preceded by PTW)

The above pseudo-operations are used in the order given in the calling
sequence. Therefore, any overlapping of numbers will erase the over-
lapped portion of a previously converted number and substitute the
numbers converted by the later pseudo-operation.

Spacing of a line should be done in such a way that print position one (1)
is not used since it will be lost when writing the output on tape. Print
position 1 is used as a carriage control character when writing on
S.SOU1.

The operation denoted by ZZZ in the sample calling sequence must be a
P@N. It must be the last operation of the calling sequence; it will cause
the line set up by the previously described pseudo-operations to be
output as described below.
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FVE CC (Same as P@N CC).

PN CC
Print or Write on Tape

P@N causes the line already set up by previous pseudo-operations to be
output. CC is a carriage control code which controls spacing on-line
and off-line as follows:

CC = 0, Suppress spacing
1, Single space before printing
2, Double space before printing
3, Restore page hefore printing
- 4,5,6, Punch card in 1402 4 pocket

*NOTE: Cards on which punching error occurred will be selected into
1402 NP pocket

D-38




AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %@
)

Date 3 /16 /66
Page 1 of |

AC ELECTRONICS
IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117,0 and 118.0

Function: Fixing of floating point numbers
Subroutine Name: PFIX

Deck Name: Not applicable

Language: | Fortren IV X! mp

Description:

X | 8ee Attached Listing

X | See Attached Information

! Following Comments
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Author T. C. Littlejohn PFIX

Identification

PFIX - General fixed point check and convert routine.
The RELMOD deck has ENTRY PFIX

Method

Each number in a consecutive list i8 checked against 7 B 12; if it is greater

or equal to this number, then it is assumed to be a floating point number. The
routine will then replace it with the appropriate fixed point integer scaled at B35;
otherwise no change takes place.

Usage
Calling Sequence:
8 TSX PFIX , 4
6 +1 YYv A,0,X
5 +n YYY A,0,X
6 +n+1 ZZZ (normal return)

Explanation of Calling Sequence

Any combination of pseudo-operations PZE and PTH may be used.

YYY Pseudo-operations

PZE A,0,X
check X cells beginning at location A
X =< -102310

PTH A,0,X
X is the location of a fixed point number (N) scaled at B35. In this
case N consecutive cells are checked beginning at location A.

ZZZ operation
Any operation may terminate the parameter list except TXH with a
number in the decrement.

Space Requirements

40 cells

Miscellaneous

This routine is compatible with the 7090/7094.,
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IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118.0

Function: Floating of fix point numbers

Subroutine Name: PFL@AT

Deck Name: Not applicable

language: _ Fortran 1V [;] MAP

Description:

See Attached Listing

See Attached Information

Following Comments

Date 3 /16 /66
Page 1 of 1
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Author T. C. Littlejohn PFLOAT

Identification

PFLJAT - General floating point check and convert routine.
The RELM@D deck has ENTRY PFLJAT.

Method

Each number in a consecutive list is checked against 7 B 12; if it 1s less
than this number, then it is assumed to be a fixed point number scaled at
B35. The routine will then replace it with the appropriate floating point
number; otherwise no change takes place.

Usage

Calling Sequence:

6 TSX PFL@AT , 4
3 +1 YYY A, 0, X
6 +n YYy A, 0, X
6§ +n+1 ZZZ (normal return)

Explanation of Calling Sequence

Any combination of pseudo-operations PZE and PTH may be used.
YYY Pseude-operations

PZE A,0,X
checks X cells beginning at location A.
X = 102310

PTH A,0,X .
X is the location of a fixed point number (N) scaled at B35. In this
case 2N consecutive cells are checked beginning at location A.

ZZZ operation
Any operation may terminate the parameter list except TXH with a
number in the decrement.

Space Requirements

40 cells

Miscellaneous

This routine is compatible with the 7020/7094.
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AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118,0

Function: Square root subroutine
Subroutine Name: SQRT

Deck Name: Not appllca.l;le

language: D Fortran IV X ] maP

Description:

X | See Attached Listing

X | See Attached Information

' Following Comments
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Author T. C. Littlejohn SQRT
Identification

SQRT - Floating Point 7040 Square Root Subroutine

The RELMOD deck has ENTRY SQRT and EXTERN COMMON.
Purpose

To compute the square root of a normalized floating point number.

Restrictions
The argument must be positive or zero.

Method

letx = 2I . f 1/2 < f<1, then a trial root is computed according to

/2 9

2/% & £ 4 L

16 ) if Iis even

Yo © L0+ /2 1

9
(jg f+35) 1Iisodd

Since this linear approximation ylelds 7 significant bits, two Newton-
Ralphson iterations suffice to produce yX° .

Accuracy
26 significant bits.
Usage
Calling sequence: With x in the AC

TSX SQRT , 4
ERR@R RETURN with x in the AC, x <0
NGRMAL RETURN  with ¥X° in the AC

Space Requirements

38 + 2 CGMM@N

Miscellaneous

This routine is compatible with the 7090/7094.
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IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118.0

Function: Cosine subroutine

Subroutine Name: C@S

Deck Name: Not applicable

Language: D Fortran 1V X! map

Description:

X | See Attached Listing

X See Attached Information

Followving Comments

Date 3 /16 /66
Page 1 of _1
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IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118,0

Function: Sine subroutine

Subroutine Name: SIN

Deck Name: Not applicable

Language: I:l Fortran IV X| MAP

Description:

X| See Attached Listing

X| See Attached Information

' Following Comments

D-~-46
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Author T. C. Littlejohn SIN
cOos

Identification
SIN-COS Floating-Point 7040 Sine-Cosine Subroutine
The RELMOD deck has ENTRY SIN, ENTRY COS, and EXTERN COMMON

Purpose
To compute floating sin x or cos x when floating x is given.
Restrictions

None

Method

Sin: The argument is reduced (if necessary) to a first quadrant equivalent
to which a polynomial approximation is then applied (See RAND sheet 16).

Cos: co8 X = sin (/2 +X)

Accuracy
The statements below apply to the sine function, (e A" absolute error).

0s|x|=sn/2 €< 2-27 The polynomial approximation
yields at least 26 significant bits.

/2 < |x] < 22T A< 2/m |x| 22" The argument loses significance
as x becomes large, and also as
) x approaches zero of sin x.

227 < lxl The argument, and therefore, the
answer has no significance. The
answer will always bo zero.

Usage
Calling Sequence: With x in the AC

For sin x For cos x
TSX SIN , 4 TSX C@S , 4
NORMAL RETURN NORMAL RETURN

sin x in the AC cos X in the AC

Space Requirements
46 + 2 CGMM@N

Miscellaneous
This routine is compatible with the 7090/7094.
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IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: _____117.0and 118.0
Function: Arctangent subroutine

Subroutine Name: ATAN

Deck Name: Not applicable

Language: ) Fortren IV X)) map

Description:

X See Attached Listing

See Attached Information

Following Comments

Date 3 /16 /66
Page 1 of _1_
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IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118,90

Function: Arcsine subroutine

Subroutine Name: ASIN

Deck Name: Not applicable

Language: ) Fortran IV X] map

Description:

See Attached Listing

See Attached Information

Following Comments

Date 3 /16 /66
Page 1 of 1
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Author T. C. Littlejohn ATAN
ASIN

Identification

ARCFUN - Floating Point Arcfunction Subroutine for the 7040
The RELMOD deck has ENTRY ATAN, ENTRY ASIN, and EXTERN COMMON

Purposo

To compute the arcsin and arccos (or arctan and arccot) of a normalized
floating point number

Réstrictions
For arcsin and arccos, the argument X must satisfy | X I <1
Method
X .
Arcsin X arctan (\/'1——-_?')

Arccos X = 1/2 - arcsinx 7

Arctan x obtained from a table loob-up and series evaluation

Arccot x_= /2 - arctan x

—T—

Accuracy

Arcsin and Arccos: 25 significant bits except for |X | near 1, where
27 - [log, Y1 - x2 ] are significant

Arctan and Arccot: at least 26 significant bits

Usage
With x in the AC
for Arcsin and Arccos for Arctan and Arccot
TSX ASIN,4 TSX ATAN,4
ERROR RETURN | x | in AC Unrecognized cell
Normal return - Normal return
-T/2 < arcsin x in AC <11/2 -T/2 < arctan x in AC <T1/2
0 <arccos xin MQ<Tm 0 <arccot x in MQ <™

Space Requirements

125 + 6 COMMON

Miscellaneous

This routine is compatable with the 7090/7094
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AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118.0

Function: Natural logarithm subroutine

Subroutine Name: I.N

Deck Name: Not applicable

Language: ) D Fortran IV X] MAP

Description:

X | See Attached Listing

X | See Attached Information

Following Comments
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Author T. C. Littlejohn LN

Identification

LN - Floating Point 7040 Natural Logarithm Subroutine.
The RELMOD deck has ENTRY LN and EXTERN COMMON

Purpose
To compute the natural logarithm of a normalized floating point number.

Restrictions

The argument must be positive. For x =+0, the divide check indicator and
light are turned on, and the answer 1 n x =~-89.069412 is provided.

Method

Letx = 2l.f = 2l. ologaf

Then /n x = (I + log, f).£n 2

log, 1 is obtained from the polynomial approximation given on RAND sheet
number 42.

Accuracy
|/n x| <1: |absolute error| <1.06 x 2727 = 790 x 10~
|/n x| >1: |relative error| <1.06 x 2-27 = ,790 x 108

Usage
Calling Sequence: With x in the AC

TSX LN, 4
ERRGR RETURN  with x in the AC, x <0
N@RMAL RETURN with{n x in the AC

8

Space Requirements

45 + 3 CYMM@N

Miscellaneous

This routine 18 compatible with the 7090/7094.
S _

D-52




Date 3 /18 /66
Page 1 of 1

AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118.0

Function: Exponential subroutine

Subroutine Name: EXP

Deck Name: Not applicable

language: Fortran IV E MAP

Description:

X| See Attached Listing

X| See Attached Information

' Following Comments
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EXP
Author T. C. Littlejohn

Identification
EXP - 7040 Floating Point Exponential Subroutine
The RELMOD deck has ENTRY EXP and EXTERN COMMON

Purpose
To compute the exponential (base e) of a normalized floating point number

Restrictions

|x| <88.028
X >88.028 Error return with x in the AC
X <-88.028 Normal return with eX =0

Method

Rational approximation based on a paper by E. G, Kogbetliantz (IBM Journal
of Research and Development, April 1957)
o = 22 | Glat g<p<

of = 1+2fla-f+bf- c(f2 + dz)“ll'1

where

a = 9.,9545957821 c = 617.97226953

b = 0.03465735903 d = 87.417497202
Accuracy ‘

At least 26 - j significant bits, where j is the number of bits in the integral
part of the argument x

Usage :
Calling Sequence: With x in the AC

TSX EXP,4
ERROR RETURN .
NORMAL RETURN with e in the AC

Space Reqguirements

51 + 4 COMMON

Miscellaneous .

This subroutine is compatable with the 7090/7094.
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IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: ___117.0and 118.0
Function: Floating point and octal dump subroutine

Subroutine Name: C@RE

Deck Name: Not applicable

Language: Fortran IV X ] MaP

Description:

X See Attached Listing

X See Attached Information

Following Comments

Date 3 /16 /686
Page 1 of ]
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IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118.0 Y

Function: Display of panel (registers of computers)
Subroutine Name: PANEL

Deck Name: Not applicable

Language: ) E Fortran IV X] mAP

Description:

X| See Attached Listing

X| See Attached Information

A Following Comments
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IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: ____ 117.0and 118.0
Function: Generalized setup subroutine

Subroutine Name: SETUP

Deck Name: Not applicable

language: Fortrean IV [Q MAP

Description:

X | See Attached Listing

X See Attached Information

Following Comments

Sets up input routine (INP9) and output routine (PRT9) in addition to Error pointers.
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Author W. Stone SETUP
CORE
PANEL
Identification (SECOPA)

SETUP - Subroutine for opening PRT9 and INP9 subroutines and to perform
other program initializing functions as specified below.

CORE - Floating point decimal and octal dump subroutine.

PANEL - To dump the 7040 panel in floating point decimal and octal as
specified below. '

The RELMOD deck has ENTRY SETUP, ENTRY CORE, ENTRY PANEL,
EXTERN PRT9, EXTERN PRT90P, and EXTERN INP9OP

211_1'2086
A) SETUP (To be used at beginning of program)

1) _ To open INP9 with the print option

2) To open PRT9

3) To initialize the floating point under-over flow routine which set
underflows equal to zero and overflow causes a message to be
printed which tells where the overflow occurred and TRA S.SERR

4) To setup S.SERR using the parameter word A

5) To inform the operator via the typewriter the location he is to
TSX to on index 4 in case of operator intervention. This location

. is a link to S.SERR
6) To turn off the divide check indicator light
7) To eject a page on S.SOUL.

B) CORE

1) The 8 numbers per line are output on S.SOU1 via PRT9 which uses

' IOOP2. The "beginning" address (K) and the "ending" address (L)
are changed to be equal to the lower and higher address respectively
whose units position is a zero. The address of every 8 words is
printed at the very left side of the page. When using CORE, a PANEL
is automatically given before the CORE dump. If duplicate informa-
tion exist consecutively, a single space break will indicate this in the

CORE dump.
C) PANEL ’
1) Panel can be used divorced of CORE. The AC and MQ registers are
output on S. SOU1 in floating point decimal and octal while the .index .

registers are output in octal only.
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In both the CORE and PANEL subroutines, the location counter is output which -

specified from where the CORE or PANEL was asked. All registers are

saved and restored to original status when using CORE and PANE L.
Space Requirements

340 cells

Usage
A) SETUP Calling Sequence

TSX SETUP,4
PZE A,0, B
PZE C,0,D
(NORMAL RETURN)

where A = location of error routine of program which is placed in
8.8ERR

B = lowest location into which data can be read via INP9.
‘ If B =0, the lowest location will be 100058

C number of lines per page as specified in PRTS.
If C =0, 60 lines per page will be used.

D = exit location for page overflow used in PRT9.
Whenever the number of lines per page exceeds C, a
TRA D is performed. If D =0, no exit is performed.

B) CORE Calling Sequence

STL CORE

TRA CORE +1
PZE K, T, L
(NORMAL RETURN)

where K beginning address

L

ending address

0 (octal dump)
6 (floating point decimal dump)

Il

*NOTE: When asking for a floating point dump (T = 6) if the number is not in
normalized floating point form, that number will be dumped in octal.
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C) PANEL Calling Sequence

STL PANEL
TRA PANEL+1
(NORMAL RETURN)
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Function:

Date 3 /16 /66
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AC ELECTRONICS

IBM 7094 UTILITY SUBROUTINE INFORMATION

117.0 and 118.0

Write tape (time point history) in Fortran IV and prints tape on
completion of run

Subroutine Name: TAPEW

Deck Name XTAPEW

language:

Description:

X| Fortren IV MAP

1x

See Attached Listing
See Attached Information

Following Comments

Fortran IV program listing is self-explanatory. Even though this program is written in
Fortran IV, it is called from the map language Boost program.
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IBM 7094 UTILITY SUBROUTINE INFORMATION

Program No.: 117.0 and 118.0

Function: Atmospheric subroutine

Subroutine Name:EATM

Deck Name: Not applicable

Language: E Fortran IV X] maP

Description:

X| See Attached Listing

X See Attached Information

X Following Comments

The calling sequence to this subroutine is as follows:

D-62
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D.3 PROGRAM LISTING, PROGRAM 118.0

The original of the compilation listing has been supplied with the program decks.
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APPENDIX E

INPUT FORMS FOR PROGRAM 118.0

The originals of the input forms for Program 118.0 have been supplied with the
program decks.



